





AT A DRIVEN FLUID·AIR INTERFACE.
LihulI,\\ 1'1111
A TIIESIS SIJIl~llrn;1l TO Till,; SCI(OlJl, OF GIl"IJll"'I'E
ST111l11;S IN 1',\11'1'1"1. 1'1I1.FII.LMI·:NT (II' Till·;
nt;tlIIIIlE,\IENTS FilII TltE llE(;Ili';E OF
DOCTflH 01' PIIII,OSClI'IlV
DI":I',\llT~11~NT0." PIlYSIC:S




\-V.. I",vl' .~1.11dio'd l·;.qwrillIt'Jll.;dly LlIf' dyulIllIil"id I.cliavilllll" of a drivl'lI Uni.l-air
illl,\'l'fl"'" ill t.Jw syst.\'1ll kll"wlI ;1~ till' »dnLl'r's insl.al,ility. Till' .~y.~l.l'll1 cunsisl.s "f
t.WIl lIo1'ir.01l1.;,1 "ylill,I\'rs, U'I" 1lI'!Ilntt'd l'l'l'l'lIlri""lly insi,I., Ull'otlll'r, with llll'tI<ll"rul\'
I'm-t. of 1I1l' ).!,ap 1ll'1.\\'(>"1I 1.111'111 IiII ..d willi a l'iS,'Ol1S oil. I\S lI'll' Ill' hu1.11 of tIlt'
'·ylin.I,'rs r"t"I,\', tfll' strai).!,hl oil·ail' in1.l'rr;u'" I",,.,,nws IIlls1."hl,', ilt"II)ll' inkrf,,,"-
dis),lays II "'llri,'l.y "f ,Iyllaminl) .~I.1lll'S. TI1('~«' iuclluk .~t.lltiolli1ry 111101 1.rHwlillp; lin,!!;,'r
1"'I.I.,'l'IIl', l'lIlitill''y W,'\'.'S, 111101 '~I'II1.i"-I."ll1p,,r,,1 dl""l', i\,I.'aSl1rl'lll"lIls "f t.1l<' "'1SPI.
1111.1 ,ll'vl'lopllwnl. "f till' s1."tiona1'Y lilll-\\'1' Plll1.l'rIl "hsl~r\,,',1 wlll'1I unly UIIl' <,)'lindl'1'
n,I.,,1.,'S ill,lica1.,' t.11<l1. flllit"·l'lr.,' I'W",'ll' ,1,'lay 1,111' '11IS,'t, of till' lin/:,I'1'ill,C; ilISt/,hilil,y.
trallsition, al. Wllidl 1.11l' sl,i1tiun/ll'.l' pllt1."1'l1 los,'s iL,~ 1'<'l]I,,.tioll sytllllll'try illill b"l-\ills
I." drifl, iLion).!, t.11I' a1'11111"11t.1IS. Fr"mllwlIslIl"I'lll"t1t,soft.lwdl').!,l·l'l'of Ils)'I1Hl1l'lr.v u[ll",
drifl.llll-\lmt.l."l'IllUiH flllld,ioll "fllll'I'XIWril1ll'lltlll"untrul pill'll111dt'l', \\""fjll<1 1.11,11
L1w aSYllIllIt'I.I'Y inl'1"l'lISI'S with till' S'l"im' rool of llw cuntrol JI,lrIIllWL,'1', mill that
I.IIl' dl'in, vpJ",.it.y is lilwllr 111 thl' as,\'lllllldry. Tllis 1H'lmVIulil' is ill lll'l't1nlwith n'c"Ilt.
tJ"~II'l,t.il'al pn',li,'liu!!s, l\ll,,1I' l"ah1l's of till' (,{Illt.rul P;Il"ilIl1I~kl', 1.111' drirt.in,ll; plltLl'l"Il
is ,lls"l'd"I',-d, als.. ill "1-\'.... 'II1<'lll, wit.h 1.]l('ordical n'Sl1ll.~. \V(, 1111\"1' illslI uhs"rv..d iI
n<>nllnif"l'm 1.1'11\"1'11111-\ puttpl'li ill whirh llw lill,!!,'~I"~ IW('(JlII(' 1lIlsLalol,' Ltl til(' Ed;!l1Il1S
illsl.Hhilil.y, 1I11,IWt, 1I)('IISIlI"l' 1.11t, Eckllilils stilhilil.y hUlliulill'}' for Illis Sysl.'-ll1.
Ac:knul'IlcllgCllll'llt.1:i
lliUl rrkuclship "r Ill"\' SlIp.·I"I"iSUI", .I"I\1l ,I,· Ilrllyll, \\"ilh"l1l liis '~.lIid'\lII"'" lhis Illl'sis
would llot ,·xis!.. I llillllk lIill !'i,·l.'.1" lliid l'alll ~1i1rl,ill r"l' Hlilkill~ 1111' ilpparatlls,
[ lUll /1;I'Hl,·rlll (01' lll'lprul ,liS'"llSsjUlls wilh HaYlllolid (i"I,!sI,·ill. \Villl '",UI SH,ld""s







1.:1 Sllllllllill'Y "rUtis wurk
2 'J'hcOl'y
2.1 Lin,';,r sl,:d,ility analysis
_._ Parit)" hn'akillp, .
2.2.1 SYlHnll'1.ryarp,'llll"1l1.
2.1.2 '1- 211 111"<1,, 1"J1lplitl~
:!.:I 11Is1.ill,ilil,il's"rl.lll'll·i1vdillp,'\\·OI\·I,s1.a1.,·.
2.:1.1 Hl'slll1.s fl'l>tIl n>tlll'l,'x Cinzhllrp,-I.;llIdalll'llllatiuli
2.:1.·! Hl's1I11.s (rum :lsymt111'1ry eqllillil1lls
a Appm'nlus
,I Expcdmcnl.al Rcsults wit.h Dnc Cylinder Rotllting
1.1 E~ql(, ..i1t1<'IlI.i1II"<'slIlls with 1'1 = 50.4 111111 .
'1.1.1 H,'sldts with oull'r ")'lilldl'l" I'utatill,l!;









5 Expel'imenlal Result,s with Cylilldl'l's COlllll,l·r-nu(.atilll!; i,\
:1.1 H(,~ldt~. ;,1
".1.1 \1,lir',I'111 Ilrul"'II-I'ill·il.1" Wil\"l·~. j.'".
'I. I.:! N"llllllir"1"I111,ruk"1l-I,aril.r \\'ill','';. , ....
.i.:!.1 11nif"1'l1l 1_I'a\"'lil1~ II'HI"',;;,l 1,)\\, I'"








l.:! 1':XilllllJl,'s or Ilill.l "I"II,~ "j's"I'",',l in til<' ,'xl"'rilllt'lIl"
1,:1 I)ymllllinl! pllasl' ,1iilp,l'i1i1l ,,1'1:1<' illll'rl'ill'l-,
"(I"lIt-illll,
:1.1 Sc'llf'llliltil' ,lrilwillA "r tIl<' ,'xl"Tillll'tltill ill'l'ilriltlls, :17
:I.:! 111,,"[, dill,l!,rillH "I' tilt' I'XI"'l'iIlll'lIt;t1 ill'llHl'ill.lls, ,II
'l.!1 Dis"rd"I"'d lIud lnl';,'liIlA paU,"I'IlS "llsl'l,Vt'd wil.lI 1.I1t~ I'IAA'-r illlwr
cylilld"rrutil1.IIIJ.\'
'LIn FillJ.\,~r i'llIl'litlld(~ \'S. (:"i illlJllSd f"r 1~1/f( "'" I!,1HHfj,
vii
,1.1 J FiIl~''I' alilplitlld,' I'S, (.'fl; fut' till' I,i~~,'r ililin '",l'Iilld"r.
'1.11 Width "I' Ill!' II}'s1.l'n',~is 1""11 ;,1, OII"~l'I, for till' l,iAA,'r i'IH.'r <"ylilllh·r. fi:!
'1.1:1 1'"l.1.prll lI'il\,,'II~II~th)' liS, (.'''i fur 1.J\l~ loiAA"!" iurr"!" ,-yliu,Il'1'. Ii.'!
~,I-:I Fill~"rilllll'lilll,I""II,1 wav,'Il'Il,\\lh I'S. (:"" f"I'1.IIl'smil11,'r inll,'r,-ylill,I"l". lifi
·1.11i ("'11lI'aris"",,fl']"t'S"11I.l""S1l1r.switlll'l"<'\"ilJls\\'urk.
'"J Ulliforlll 1,I'1IWlill/!'I';,l!."l'lis. ifi
!i.:! Slmn'.1.iIIH' illl"~(, or n IllIif'lI'lll Ll'il\',-lill/!, I'all,'nl. "
!i,:1 fit liS. "i 1'''1' IIllif"nrr lra.v,'lill,ll; I\'IIV,·S. i!l
""I l'aU"I'1I \Vii\'<' Illilll],"I' \'S. ";. I'll
r,.1' l'~ "S. "i ,ll,'" = 17,1,:1 !lIlll/s. x,
r,.!1 I'~ liS. "i Ill. 0 .. = ,1:1;;.7 I11I1lIS, s,'1
.'"0.111 '1'1", fonllill,ilJlI ul' iI 11"1\' lillA"!" L1Il'ollj!,11 1.1... l~t·khllll.~ insIJ,hility, !HI
r'.ll Sp;w".I,illl" illm).!.,· "I' il (Il'iftill~ jll1l.kl·n shlJwilll!. I,ll,' E..khilllS irrsLal,iliL)', !II
r"J:! 'I'll<' lIl"ilSlll"t'd 1o:<'I,II;\IIS sl. .. hili1,y hOll1l'IMY for lra\",'lirrj.!, 1V1In's. , !KI
r"I:; 1'.;1 I·S. A I'llI' lI1dfonl1ll'Hvt'lill,ll; 1I'i!Vt'S. ,. , .. " .,100
!i,lli F"uri.'r amplil t1,lt·.~ of Lilt' pa/.Lt'1'II I'S. tlU' nml.l'Ul parllrr1l'l..'r, !Ii, ,., Illi
r'.I' F"UI'i"l' illlll,lilllt!t,.,f Lilt' s"('lJlld spllLiHI hlll"moni.' VS. l,haL ufLlll' Hrst. 10:1
r'.I:-: TIlt' pllas.' 1I11SlIllll,.h ;11lp,1., I) I'S. tilt' "'JIIL!'"I p,ll';\llWI,,'r, "i. j(l'1
,-,.:!ll Tit., 1.r"I1lSrtJl'lIlt>,1 Inlt'l'f1"'" U(1) alld its FOllri"I' 11t1lpli(,u,I<'s. . lUX
viii
:;.:!:! Tlll'l\\,,, "",I"!111110'1I",\' 1'''1';'111<'1''1"''_ A' \." . ..I, [""'1' .~illllllali",,". III
:,.:H '\1 \'''. AC"I" ",,= li1.:1111I11/". 111
!i.:W 1'i1I"t.iall,lm.'i<',li",l.\r;'111 <If Ikr. [~IJ. Iii
!i.:n Fi,u;. 1·1 .,f l(,·r. [:n]. "h,,\\·ill,C. "I,.,li"I'·"II"'I";,1 ,1.\1";';11 I"'llll,lill"i,'s ii,




J, I PaUt't'1l flll'lllal.iutl lIlul t.Iw pl'int.er's iustahilit.y
loy ;I dl'ivill!; futn'. TIll's,' illstal.ilitil'S nlll 11,...1 1.0 tIll' forllwlioll "f p.I1,L"I"IIS
st,,1 ..s with S"1I11' f"rlll of ['t',e,!IIOlI' spil1.i.i1 illld/or 1."l11poral s!rll,'1.1I1"I'. TIll' adjustahl,'
driviul:, 1'"nT b Il'fl'l'I'O'd 1." "S tIl\' "Ultuoll'"rilllll'i.<'r. \Vllt'li l.his pan'tncl.I't' i, small.
tIll' S.I·sklll i.~ l.YI';,'"lly ill iI sl"lti"ll.v llllir"rtll stiliI'. \\'ItI'1I il is illn"'i1s,~l ttl " .-.'rl,lill
\·,,!lII',i,I,if'lr<",.li"lI tllil1. is,., Irallsilj,," fl'olllulIl'sll1l,'1."1l1lo11Il'r - "'TIlt'S,,,1
whirl, tIl<' S,I"SI."11i lus,'S ie.s uri,!!,inal sYlllIlll'tr.\· "lid ,!!,OI'S ililu 11 luwI'r syltlll\dr.\' s1.'ll,'
"f t.1", paU,'rli. 'I'll,· Jl,1,,],al d.\'1l1l1l1;'·S of t.Ill' S,I"~klll ,'111I Il.0 fWIIl silllp),' t" V"l")'
'·"llIl'li,·;d,',1. ill S""l!' sl.i1~'." I,,'culllin,e, I.im.. tlt'I"'IIlI"lIt itlld 1'I'I'lIlllall.\· lllrbnl<'lIt.
11Ist;\I,;lili,'.~ in 1",Ul'l"ll-f"rlllinl; SyStt'lllS 1I,,\"t' 1Jl'1'1I sl.lldil"! 1':'\1.l'lIsi"l'ly ill l"I,t'I'1I1
.\'I'al'S [I]. Hdatil'I' 10 full.\" l.!lrl'l'·dillH'II,:i"IWI 1,;,u'l'l'Idllrtll;lIK syst"ms, 1I11l,-tlillll'n-
lOll;\"(' lIrlth'I's1all,lill,l\ of sl'I'l'rill'llll'-tliuli'l1Si"llal P'll.lt'I'1l flll'1nil\/l; s,\'slt'llIs lias 111'.'11
.whit·I',·'1. All illlp"r!;'II! ,'xamp),' is liaylt'i,t:;h-ll"lIilrd ""III"'di,," ['1-,[J. in II'hidl 11
Ihin hl1l'iz\lnt,t1llllid 111,1"1'1'. l'llilfilll'd hdll""'ll 1,11'0 ri~itl plal.t·s, is 11l'iI!t'd frum [",lull',
TIlt' (l'llI)l<'l";l1.lln' dilf"r<"Il"<'. :l'l'. lwt\I"~'lI lht· 1,,1' illid J,,,lll1tll "f 1Ill' lay"!' ,',1111"'1'
11,,' t!l'lIsily of lilt' l111id 10 illl'r"as,' wilh Ill'i,l.\hl, This 1";1111' tu 11 1'''1<','1iill iIlSl;,I,ilil,l'•
.~il1,·,·11l<' 1I'·ill'i,'r. "old,,1' IIl1id sits "j",n' IIll' li~IiI .. I'. lI'a1'l\1t'1' lIlli, I. \\'11<'11 III<' n'll
,mol 1,lll'(J1'!'linl! n'slljl~ ".c.n'l' wi 1,1, ",lI'h ,,1.11('1' r,'!'y \\'..11. 0111<'1' l\'t'll kll"\I'li "Ill"
dilllt'l1si"I1"l l'aUl'1'Il-flll'lHilll!. syskl11s i,wlnd.. T",l'Io1'-('ulI,.(1I' !l"II' 1:1, Iii. ill whil'll
llll' span' I... I'\\"~'II 1\1'0 '·"""('II1.l'i,' I'ut;llitl~ ",dilld,"'s i,s flilly fill",] witli lIliid. ;011,11111'
,sl",lially Illlif"rm IHls<' slill" 1"""IlIH'S 1111sl;II,I,'l" II", r"l'Il1ali"'I"l'n'l'1.in's"IIl'I"';'
lar to 'I'lIylol'·C"I1<'1_k II"\\,, IJ1It \l'ith till' SpH"" 101'1.\\"1'11 I.],,' ,'.dill,I,'rs ulIl,l' I'al'tiall,r
1i1l,~,1 wilh l1ui,l; dil't,,'1.i"lIal solidilinltioll I!I-Il], ill wllkll H1',11111'1", 1'1<11','<1 ill a 1,"111'
1"'1';,l1l1'l' p,I'",li"Il1. ,~ndl llwt it "'"I!.aills Hll illl"l'rll"" 1"'(.1\""'11 t,II'" ,lill"'I"'lIl, 1,1'l1s,'s.
is ]l1l1l",1 ill tilt' r1i1'l'l'liUliur ,I""I"'asiuA 1."11I1"'I"11Iln'. ;l1l1lth,' ;ul,"I-(;II'" 1"'''''Illt's 1111'
sll1l1lo· a1o.,\'I' II n'1't"ill pl1l1illA '~I"'l',i; "lid lIlt' s,,-,'all,'d Willl.o·r's illsl.l1l,ilily 1!:2 171
IIUllll'lli! lias h""ll "lis,'n"',1 ill tilt' I,ri"t,'r's ill.~tal,ili1..v II~I, \V" 1"·Ii,,v,' I.llil1. 1"'1'1.11"1'
s1.lIdy ur lhi~ l~lqJl'rillll'lllal Sy~ll'll1 will ,111,1 to I,ll<' 1I1111o'rsl.alHlillA "r til<' d.vlli"lIi,'~ "r
1I111'-dillWlISioII1l1ImU"I'lIS,
TIlt' "111""'"l.lIs 11~..d Lo stlldy till' I'I';nl,·I'\ illsl.i1ltilil,y il """ ,':-q"'l'i1l1l'1I1, is nUll'
I'"sl'd "I'l\\,o III,ri;':""1.al, l,ar;lll,·I, 1",1. \"'l'l.il'"lly"Ir.",1. "yli",Io·l's, "'I<' i,lsi,I"tlll' "t.lIl'I',
Sill'l, that I.h,' nllss s",'I,i..n is liS ill Fi~. I, [. 1\ 1IIl,,"1.ity "r l'i~,',,,,S Iii lid, jusl, "lIoll~I,
tv kl"'p tllt~ 11lIUIll1l IWI'I. Ill' tllI'l-\"l' l".I'\\·'~~l1 till' "ylillll"rs liI]",I, is illlr"dun'd illt."
this I-\al'. \Vlll'1l UIH' "I' 1!I!lh or lilt, "yli1l<1o,l's I'ULilll', H 1'I,ri,'1.y of dylli!l1li,·,d s1.;,I.<'!i is
ul.s,~n',~1 at tilt' 1Il1id-llil' illl",.(al'l' 1'I111 IIi Ill!, 1.111' 1,'lIl-\tll "r 1.11" ,:ylill'],'r~, ,I<'I"'lHlilll-\ ""
el';II".'·rl. /ul,"/JI/udi"u
tl1I' rotation sp",'ds uf Ill\' ..y\illlkr,~. ~Ul111' 1'.\"l'kal iUkrf;H't· l'altt'1"lIs 111"<' SI,"II'U ill
SI,llliullilI'Y. pt'riucliC' lill).!,''!"s (Fi.!!" I.:!(a)): a 11'a\"t'lillp:-II'n\'" pall<'l'lI rullsist iup. ,,(
iISYlllllH'l-ri,·. lll'riu,li,' lI·H\·,·lill).!, lill.!!,"l's (Fi.c,. 1.:!{1o}); s"lilar.\" ll',rl"<·lill.!:, Will"l'S ill till'
f"l'lll ur lor'ali;';",1 IW1.dn',~ "r IISYIIIIII<'I,I'ic' fill,!!,"rs 1>n'I"rJ;I,linp, 1,1'1'<0111;1, a lIiH·k.l.',n"llI,1
or slllti,mary fill).';'·l·S (FiA. l.:?(,·)): 11I1l1 spati".I'·llll'ural ,·Ila"s. ill \\"hi<'!, li,,!!...rs ill',·
fOl"1ll1xl;l1Id ,1l'llLruy,·,1 nlllslHIII,ly (Fip;. I.:!(,I»), Fi.c.. 1.:1 is tlw !lIl·l'Sll1't·d d.I'lIi1ll1inti
phas!' ,lillp;rlll11 of (Jill' ,~yst"lll, ill tllt'spal"l' ,l!,filll·tl 10.1' 1.111' 1\1'" ",,"1.1',,1 parllnlt'l,'!"s
lJi and It,,, LII,' illlll'r alltl "ilkI' rylin'!"l' surra...· sp,·,·tls. !"l·sl't·t·li\"l'I.I·, III t.11I' t"'l;i"lI
11l1ll'1,',1 ~, till' sl.rai).!,hl i"l,·rral"l' is lIIISI."l,l<· l" a 111111"1'11 ,l Sllll,i'"1llr.\" lin.e,,'rs. III
rq~iull wlll'n~ 1,11<' [l;,tll'rn is slwliu·l,'n'llUrally dl;"JI,i,·.
TIll' tmllsiLiutI from Llll' sLI,tiollllry, sylllllll'lri,' paLl"1'1l uf Iii,!!,. I.:!(a}tll 1,1ll' 1,1',(\'
dill,!!" 'lsyI111t1\·tric p,~Ll,'rn "f Fip;. 1.:t(I,} is all t'XlII11I,lt"I( a parily.l,ro'akill).!, I,i(llr",l
all,1 ,·xl,'m!t·d hrukt~II'I'1triLy I.I·m....1iu.c..\I'llV.. sl,1lI.,·s ItHv,·I"~·1l ,,1'so'l'vo-d in s"v"l'ill ),,1,·
urlltury sysL"ln~ [!l·I:I,lX-:!~J. II1lril,y-lm'ilkill,!!, l,iflll'ri,Lions hllv,' ;,Is" n·n·utly I"~'II
tlll~ sllhj,',:l of 11111"11 llll~JI'l'lit~HllI'tlrk [:l.'i-'ll]. Parily.Il1"t·;lkill~ w"., sh"wll t" I... "lIf' "f
t"l1 pussilJl,' /!"'ll'~l'k s''f''lIld;,l'y illsl.ithilili,~ "f stilljullary "'II·.dilllr·lIsi"lIaIIJIII,1.t'rJls I,y
COlllll'l IIUtllutJss I'lli. '1'1", pal'ity.hl·'·lddllj.!, hifllt'l'llti"u ill ""!" ,·xlll·l'illll·"t,,1 sysll'lll
will h,' ,lis':llssl't.l ill ,It,ti,il ill Ch"p1.t-1' ".
Allotll"r w"II-knuwn i,lsLill,ilily u("rU'·,li'lll'lls;Ollalplll1.,·nr is L!II·I·;,-kl'I'llS illsl.,,·
hilily [1:J]. I\l il sllp,~rl'1'itit"ld hifllrc:'ltioll (lIll1du,!!,UIlS t"" s,:nJllrl'on)pJ" t.l'illisili"ll ill
tltc~ lIWlt1I-lidd tlll'ory of plra.'it' Lrll1ls1tiull) to 11 slilt" willi a slllliulIiu'y sl'ati"ll'"t.
Fi~Il1'<' I,:!: 1';XH1tlp],o;; "f p"tI.'-l'ns "hSt'rl'l'd ilt tIlt' nil·ail' illtprr;n'" ill the< Ilrillt,-r's
illsl.llllility ,'xill-rim/'lil. (il) Syll1llwtl-ie, sl,ttiolJHry lillp;l~rs; (Il) it lIsyl1ll1ll'trk lin,l!;t'rs
111'irt,ill.c: 1_11 1111' l'i.c:hl.: (el soliLilr.l' Wil\'(' Ir,I\,{·lillg ill llw hlwkp;runlld \If sL<ltiulwry




















Figure l.:~: Dynamical phllSc diagram of the illll:rfilfC, ill krnl~ of t.lUJ rntaliull
speeds of the two cylindcr~. S - ~lll1iollary lillgcr~; TW - lr;l\Idilig W:~Vfi~; S'l'C -
spatio-temporal chaos; ~W - solitary wavcs.
(:JJi'/Jt,'~r I. 1/lI,rm/lld;o!l
1."r1I,llt"lllIir"I'IIl!'iIS"Sl"t"I""''''III'Sllllsl"I,I,'lIlJ,,'rtllrl'iltiUlISUr;'IHlfli"lllal'l\'<IV"
1lIlIIlIwl', wlJil,'al",Vl' t,IIl'UlISd, i1.islilll'arlyllllstald,'lop,'rI.1IrlmtilJlIslI'ilhillalliI1ll1
tor WlIV" 1I1l11l1I('I·.~, Nul all w;,\'(' nllll1l.,~I'S wit.hin this l'OIlid I'~ild tu Sll,hl" paUI'nIS,
1",w,~\'l'I', till' l'aU'~trl is "Illy stahl,' in a IlHrroWl'1' \1'ilWIIIIlIlI",r I>allrl ,Idiu"d by till'
1';"kli;lllS 1""Ulrlill'y ['1:1, '1'lj, l'iltl''1'IlS witll waY,' 11111111",,":< lyill,l!jtJIltsid" till' E"kllalls
1","",1;11")'111"1' Ill1st.ahl,'1.o11 lullp,-w;(Vt'I"up,tl, J,llilsl'illstlllJilit,y, Wllich l'1'('ntllll11'yklld,~
tu I,ll<' ,!!,;,in "I' I, ·,s ur ilidivirlllllll'ilU,'nl IIl1ils stJ il,~ tu hriu,!!, tlu, pill1.l'l·ll lJlwk illSidl'
I,i,s I"~'II stlldi,'d ill S<.'v"flll .~ysl('lllS r1ispli,yiuJ; sl;ll,iollary patll'l"IlS [!J,'I:i-.'iI), TIll'
1·: ..kllilllS illsl.H.lJility ills" 1lIr""ls tri\l'din~-WHV" pllllr'I'I1S, bllt il is ol1ly nn,ntly that it
hi's [",,," sludi,',l illthi,~ ("(mt,'xt ['I,!'i:.!-.'i~J, W" IIHVl' ohs,'n'"d thl' E,.kh1ll1s illstlll,ilily
ill Lll<' trilvl'lirtJ.\-\\'iI\",' st;,L,' ill ,mr l'XII"l"iuwntlll sys1,"I1l, illld will ,lisrllss tJlIf fl'silits
1.2 Previous wOI'k
'1'111' prill1ilry 11ll1til'id.ioll ror Illildl or tIll' lJ1'('\'iulls \\"od, Oil tlw prinkr's iusl,i1hilily
hilS ,'UIlII' rrtJ111 lndllstl'illl c'lJlIl.ill,!!, lIpplil'il1.ioIlS: instahilili,'S that iltisl' II'h'~n iI thin
"ft."lll"ll11,'r1riJ.I,in!!.,\\'!lichis'!!"'lII'r;II!.I'lIlHh'sirllloh'.I''[lli,[,lyllal1li"id systl'llls with
,lilr"l"'111 ,l!,,'ol11t'l.ril'S Iiii I'" IW"II IIsp,1 lou l1lud"1 pn,,-ti"ill n"'till,!!, SySt"1I1s, 111111 til,'
,1.\'ltilllli"iIIIJl·!I1'I'iulIl' "f \'is,'"ns 1Il1i,ts ill llll' lmnoll' I!IIS~;IA"S IIl'LI\"~'1l 11\'1> nH,vil1~
SlIrr;w,'s Ill' 1"'t.\I'I~'1l ;, lllll\'inp; lind il slll1.iollllry s\lrfa"l~ has 1""'11 ('Xl"llsivdy il1v,~s-
l,i,l!,;'I.,',1. bollt t'xl,,'rilllt'lIt,ntl,\' 1I11t1 Lllt'o'Tlil'1I11r, uwr thl' last ll,irly y,'ars (.'i!).70j.
~Itlrt, n'I'(,1l1Iy. til,' j,lt'as or nUlllin(,i1l' dYllllmi<'s hil\'I' Il,'''" lIpplkd to IJruhlt'1I1s in
rtlal.ill,c,[7IJ,
('lr,lpl'('f I. lJll,r'm/UCrj(lll
Ililhillld 1IIId 1I1lkim (:l:ll.~llldi,'d I.!'" l'qll"1.i"w. "f l1luli"ll "f IIII' I'rillh'r's iusla
hility 1tsill~ tIll' IllhricllliollllPl'l"Uxilllilliull. '1'\11'.\' p"inl ..d '"11, Ihill, 1110' "qll;lli'lli r"r
till' pl'l'S.'lIr" lil'ld ill til(' prinln's illsl..lloilil.\",
(1.1)
11'11('1"<' b(y) "" b~(!J) - {,I(#) is lilt' hill' I,ltil'kw'ss sl1(>I\'11 in I\t;. 1.1.1'1 .111.1 I'~ im' till'
I""tati,," \"'I,,,~iti,'s of till' tll'O '·.vlillll"l"s, II is 1.11<' ,·",'f!io-i,'n!. lOr \'i."'"sily "f III<' IInid,
and '(.1/) "" bU,)/(:lrlbldl/), is :<i1l1ilar til tlw''\llla\.iun for 1.11., impurity '·"II'·"IIt. .."I,i,,",
II'llidl j.\U\"'l·IlS tIll' sloll' ~ro\\'lh of" l"lyslHI ill ,lin"'liwHII s"li,liti""I,iull,
111'1"<' r: is till' illlpurity "ulln~l1lr;ILi'>1I, I), lilt' iJll]lIll'il.y dill·II.,i,," n",lIio-i"III., ;11111 I:,
tIll" pllllillg spl~'d of !.IU' C"OIlI.aiIlI'L In a s.'IIS,' 1.1r" I'rilll<'r's illsLHI,ilil.y i., ;1 I1l1i,1
IllI'dlHlIi"i11 allllltJ~lll' Ilf ,lil"l'l'l.iollill s"li,lilin,ti,m, wit.11 tilt, 1'1""sSIII"<' li,·j,II,I"yillj.\ t.11l·
roh'ufl.ll<' illIJllll"il.ynIlWl'llt.fali'lIl in ,lir,·'·1.i"'lal s"li,lilinll.i"II.
Fur nmSlilll\. 1.lli,.]\ll('ss, ,/bl".11 "" 0, 1':'1. (1.1) ),1"'0Il1"S 1.111' Laplal"l' '·'III.oI,i,,",
whidl ,It'snilws till' ~"lfnl,,"-'I'i1'ylur illsl"lJili1.y ill a 11.,11'·sllnl\' ",'IIj7:lJ, III Ulis S.Y:<
\.em, it l1lon~ yisl~()lls lIuid is dislJl1t<:t~d by a I"ss \'i~""'IS IIlIi,1 ill tlU' llillT"W sl';rr'"
ll('lw,~'n tWII pll1l('s, awl ills!.lll,ili1.i{'S al"is,' itt 1.) ... in1.'·l"r;l1"I' I...Lw'~·11 LIlt' 1.1\"11 1111;'1:<.
Ballaml "L al. (:l:~) nJlllpal"l'd Llw SllilJlI'S "r 1.11<' lillj.\<'I"S ,,101'1'1'1,,'<1 in l'rilll.,·r's ills!.;I]'il·
ill' with Illl1!."1" sllil!,{'s f";lklllat.,,<I (Will 1.111' "(!,I;lti"" n'II'YHIlI. 1." 1111' S,dflllilll-'I"ayloo'
illsl.al,ilitl', ilfld s"nll' silllillll"iti''1IIri1Y'' 11{~'1I r"I1I1<1.
()IIl~ "l"·'·lll.rklllly moul1t",1 insi(h~ tIll' ,,011'1". TllC~Y (1),s"l"v,~d tlw vari"us ,IYII;llllil",,1
FiJ,i,. 1.:1. ScU'l" ,1,'1."il",1 ,I'\l<"ril,tiulIN "I' llll'.~" sl.al'''; ,'all I", fUlllirl ill 1IIi,·II;,llilJI,I's
nOllary IiJl~"rs. T1w.y 1"'rfol"lll1'd ;, lill"il1' sl,ill,ility ililillysi.~ of Llll' stnlip;ht l1l"lIjN'~l1s,
Silllili,r ttl Uwl, ['I"";"lIl,'d ,'arli,'r I,y S;IV;,,l!," [Ii:!. (;,]]. Tlwir ";Iklllat,'d l"t'sllits fur til<'
ru1.;lti"n .~I>('t'd ill. I,h,' HII."d. uf L1", ill.~t;lbilitr, illld for llH' WINd. I'Hlkrll \1';!n'It'np,th,
s,'l, tIlt' patL"nl WilVt'I"Il,ll,l.h d,~~dy rull"w,'tl till' IUI\'-wil\'C'I"II,l!,th ,',I,!!,I' of LlIC~ lill,'HI
still,ilily IlInllUlllry,
'I'llt' \\';I\','II'Il,ll,I,ll SI'I,~("liull 111l'dlilllislllS illlli tl"il11si"lI1. 1,,'h;~vi()llr ill 1I11' st;llioll<lry
liIlP...rill~ p1ll1."1"11 \\,,:1"(' s1.11rli"d 1'.1' IlHbiliUI do al. [T,I] TIII'Y illl','sLigatl'rll.11l' va1'iuus
wilys ill wi lid. 1.l1l' pilll.l't'l1 n'!"x,'tl to its pl'l{"IT,'d will'l'klll-\th wllC'll tlll' mtiltioll
sp",',l "r till' "ylillrl"l" WilS dlilllw'd sllrl,J,~lIly. Tllt'y ubs,'rv,'" IUl'idiz,',1 ,listllriJilIlO'l"l'i
n'1I1IJlJS,'d of l,rol"'II·parity lillp;,'I's prup;Ill;Hlil1J; throup;h till: Ililtll~1"I1 ill 11111<"11 tIle'
S,I1I1" WilY HS 111lS 1""'11 oIlSt'1'\,,'<I ill Lilt' Ilirt'clilJlIitl soli,IHkllt(lJll Ill' liq11i,1 cf'ystills
IT!",] ;,ud "I' l;UIl..llill' "Ill.t'cl,ics [I~, TIi]. Similar Nlr1ldllr,'.~ ;ds" pilly a rolt, ill tllC'
'],""'1"1'1111'111. of SI'il1.i,,·1.'·lllllO,nll iIIL"rt1lil,l"ll<")' ill tilt: "HSI: wlu:1"<' till' tWlI c.I'lill,l"t'N
,·,,·t·u(.Hl,'. as stlldi"d 1,.1' lI'lidlallill1c1 and 1~i1Io,l1lcl [TT]. [11 It"r. [iT]. n'[id'ililalld
;llIcl 1l"loilliri alsu ~;I,lIIlit'd thl' 01ll.-ul'-l'hil.'iI' ,lill1lp"c1 CJs,·il1..li'l1ls of lht~ lill~!;<,rs, ",hidl
"I'C'"'' ilil" ~1I1 oI'LirallllU\lc' of pulsalion ilfl,'r tI,l: lon,lizl'll Ilisl.llrb;l11C"<'s pr"l'il,1!;all!
nli<'1wl1illid d Ill. ITX] illV","l,i";~Ilt-,1 the c1yllllllli",t1 l...ll1lvi'I1U· or lilt' S'I'C slat"
wil.li 111<" I·.vlilld,·rs m·r"l"lill~. ])t't'1",~ 1'1. ;11. [T!)] IWrful'Illl'c1 a sillli)m' slllily un
,1 s,\"sl"111 cOllsisl ill,~ <If two l"ul;llill~ ,.ylilltl,~rs, t>lll' abo\'!' 1,11l' olllC'f. Bulh of l,hl'NC'
('/1.1/11,'/'/. Inlmdrwtitl/l
'"
Itul,h ""~t'~, till' l1'Hl1~ilitlll rrlllll l.ht, 'l\'tl"I·,'11 ~la1.,' tu S'!'l' \\"il~ illl;I1",.:.tlll~ ttl;1 ~"""III\
STC in ,'xlI'n,I,-,1 "II<' (lilll"Il~i"ll11l ~,I'~lt·111.~ [:0;11.:0;:11.
to "'Ir~. 'I'I",.\" ill("rt'lI~,'(1 til<' i"",~r ,'.dill,I"r ~I",,',I witll LIlt, '"11"1' ",din,I,'r '·'"lll1.,'r
l'u1.lIlillP; al.1I tix"d ["w ~pt,t'd (ill tIll' f<lllrLll '1,,;,,1,,;,,'1, "f Fi,.:.. 1.:1). i,n,1 "I'M'IT'-'[ a
~t'tlllt'll(~t' oC tlln't' L";,II,,il.i"'I~. Fil'~1. lIl" sL,'aij:,I,I, inL,-rri''''' 1"'('HIIl<' 1111~1.I1I,j,· I" 1.1,,'
staliulla,'y {inA"]" pallt'rll. N,'xl.• tlwl"f' II'il~ il l,rall~iLi,," rrulII 1,11t' ,~l"l.i"III'ry 1'''1.1 .... 11 1."
llnirOflll bn,k"II-l'ilril..r l,r,'\',-lillp; lVill'l'S, 'lIId, fiwdl,l', till' tr'll'('lillP,IIiII,I,f'rll 111111.-1"\1"-111
a ~llal.ial Iwri",l-dllllhlillp, lril1lsil.i,,", Tilt,}' abo "I,st"'\"'d " pal1<'I'n 111;"[" III' tiC
1'l!t'xi~lil1p; ,lolll"ill~ "C l'Ulp,- !l1\11 slll,rl-WOI\'I-j,'II"Il, I,n,kt-II-I'ilrily 1.ral,,'lill).\ !iIIW'l'~,
l'al'i1.y-lm'lIkillP; I.r"llsiLi'JlI~ hill'" l,,'t'll "}'SJ.'l'l','t1 in ~'-I'('r;ll oUll,r "XI"'l'illll'nl.. 1
Sy~l"IIlS, hill for 1.111' must IHirl hilY!' bl"'11 (luly '1'IIdi1.ilLi\,,'ly d"I1·IU"ll'ri~.t',1. TIlt'
"h"t'rl'(-d brukt-l1-IJfll'ily wav,'~ Ilpp"ilr til l.ak,'l.wo rtlrlll~: lo"aliZI·d paldl<'.~ "f IJ1"I.kl,tI
1\ IlJ,~alil''t1 ],rok"II-parily .~l.ilL,' WilS lirsl, wl'"rL,'" hy SiuwlI "I, ;,1. I!), 1lI[ ill ''.~I",r·
inl(~IIL~ 011 tIll' Ilin'l:liullill t'uulill).\ "r II lill"i,1 nysl.id al tilt, islltrul'i"-lIt'llIalil' tl'illl~i
titJtI, This sy~1.I'1Il WilS illv,oslip,;II.I"ll,tJlh IIIIIlwrindly "nrl illlillyl,i,·;II1.y 1,y Il"l'lwl ;111,1
f"U-WlJl'kl'l"s [;Ifj.:~XI. LundiZI,,1 n'p,iolls or IJrt,kt,Io parity l,ilVI' "Is" ],"'11 "losl'l"v,',j ill
t'Xpt'I'illlt'litStlil H;lyll'i).\h-IU'IHlnl I·Olll'I·,·ti"'1 ill II WIIT"IV slut III, :!:!I, 1,11,1 ill 'l'lIyl",'
vorlt'X How wi1.ll '·OIIlII.I',·-rul.al,illp' "ylill,I,'rs Ix:;l. Tilt, ('xi,~t,I'w'" "r;1 I'HI'il.y 1,1"t';,killj:,
[:ml·
(.'I/Il/,',,'rl. 1,,',""""':£;111/ II
!"lIivf'(' ;'lId "u·\\'url,,'rs hil\'" sllldil'fl IIl'lIkl'tl'l'ilrily I\'IIV,'S ill wlIl'k!l1l till' .lin','-
l.i"l1l1l sulidili"id,i"lI or I1lllwlllll' '·1l1,·'·l.ics [11'l-:W]. 'I'll,,)' Ul',~'l'l""d lJIIllJ hwaliz,',l.
1'l'''PIII!,I,lilll!, l"l'l!,iuIiS uf bruk"l1 I':lrity [lH, IHI, IIlIlI "Xl"lId'~II1"l'l!,iuIIS uf uniforml,rup-
Uiltill!-!. [nllll .. SlHlT"<'P rI"f.,,·t ill a I!,l"ilill hOIHllln1'Y ill II rlirt,ctiomd solitlili<'ati,m ":1:11"1'-
inn'lll [~'IJ. '1'llI',Y m'·'lslln"ltll'· ;,s,yUlllll'1.!'y "f 1,lll·lril\·"lill!-!. n·lls illlli d"Il11ltlstrat..',j
lll,,!. r,I", prllIHI~,I1,iulI SlllTtllI'ilS lillPIIi' ill till' aSYlilltll'll'Y.
"I'stlitiollll!')' I'olls III all "xlplllll,t1 sllltl' uf ,Irifl.ill,l!, f'(lils ill tll.~ Taylur-lJl';lll sySt!'Ill.
;",,1 '·01l,·1I,,1..<I tll,l1, ill t1ll'il' sysl'~IlI, 1.11., rld[t illstllhilily \\"iiS II l'C'slilt "f illtc-n...li"I1,~
IlI'tw""1I LIIC' (llllll'lll\'·III"ll Spill,i,,] 11111.1" alLd its SI'l'ollll hlll'munil'. This 1/-'2({ l'uliplill,l!,
hilS IIt"'u ,~1I0WIl to I,.. tIll' I·HIIS,' uf till' 11Ill'i,.,·-III·l'"kill!-!. iIlStI11,ilitil'S "l,spl"I't'd ill
din·,·ti"lI;llslllidilil'"l.iulI urlilillid crySl.ids [:17, :11']1111<1 ill Taylul' \'01'1.<0;.: 110\1' [:m].
A SI'n'lId'Il)' iustilhility of II p,ltl"rll "f IJiII'<IllH'll'ifally ,,;.: .. il,,·,1 sudan' waVl'~; ill
1'1. id. [21]. Fa Ill',· "l al. slum'l,d I.hilL this 11rirl,illp: IWl1.l'1'Il lIl'USl' (ru1ll11 1Il'I'lIkillp:"f
l'ilI"ity S,\'ulltll"lr.r [:1;1].
l'arily·l.n·akitlp, 1.l'llilsitiUllS 111l\'(' IW"n "xlllllilll,d 1I11'''Il~h lwo LllI'ordirid lip'
I't'4I:,..I1I's, Oil'· ul' till'S", tlllr'llllun'll II.\' (~\I1l1IPt ,IIIlI I·,,·worki't's [~."i], 111"[ fmllll'l'
d,·vl'I"I",,1 ill 1l,'(s [:w. ~7]. is ],lls,'d 1I1l1·oI1111,·d arlipliLIl'[" illld I'lws""'1"illiuls .1,,-
1"<·1"1',·,1 (rolH \·"I'.\" W'IU'I'id S,Vlt1l11l'tl'y a!'p,UIlH'llls, 'I'll<' ollwl', lVIiiI'll illv"I\'1's llll'
n','i"nalll I·llllplin~ 1)('1,\\"""11 sl'iltii,1 !Hurlt's wit.h wan' !IHll1lll'rs If ,md '2", \ViiS firsl
illl','slip,nll'l[ h.\· ~lallllllPd ilI,,1 Trilll'lsky [2~1, ilml silln' lll1'o lIy lllallY utlll'l' ,c;rullps
1:!!HnJ. 111 bolh ..r c1I1'SI' tlll·uri,'s. till" phils!' S)l,·,'d or tlw l,r«l'"lill,l!, \I'll\'<' is "xlll'd,',1
t'll.l/1tt'I" I, IlIlnH!IIC,io/l I:!
to h,~ Ilrtlporlillllill t.1l !.III' as,\'lllIIII'l'I'.r lI( t.h.' 111111"1"11, 11,'11, "f llh~" l!u',"'l'Ii";11 ;11"
pnladl'~ II'ill h,' .lis<"llsSI',1 ill ('llapl,'r~,
'I'll., Erkh"us illsl,llloilily Ims 1""'1I sl,udi,',1 ill s.'n'r;II''',nl''III,~disl,I;I,I'ill~st;lliul1"r,r
piltkrlls, TlwS!' ill('ll1,I" 'l'aylllr-(\lIlt·II,·lluw 1,1,;", ,lsI, .,I,','lri,'al1,r-,[ril"l'lI ""III,,'di,'I'
CUlll'lk fluw pi, 'IHJ ;In' in p:uu,1 ;I,l.\n~'IlII'III, wit.h Ih.'<Irt'ti(";,! (";,kul"liulls 1.,1' Hi",.""
illl,l P;IlII' ('WI, The Edd,HIlS itlsl.aldlil.y 11(" t!",!\',·linp;-II'al'c- slat,- hm.. 1""'11 "1's"1"I,,,.1
1'1'c,'uLly ill HaJ'I('i~II-H(\l\llrd "ull\"'c,titlll, .lalliilll,l, t'l. ;,1. [["I. [•.'i] hil\"(' s!u,li,'d til"
I~""hillis iusLilhilil.y "XI"'rillwlltall.l· in tr;l\'"liu).!, \1'i\\"'S 1'('("IIl,','cl 1',1' 1,1", t1sdlhtt"ry
iUllplil.l1ll,,,('1·1'1l1.II"I1,rI,';,c1ill.l.\tut!w.l.\ailiIII" l"ss"r",lP wlII',·I"II.l.\l.h"fl,I"·,,,wilh,I."",I'
1.3 Summary of this work
tiull ai" d,'"d"IIIIWlIlu(SI,II1.iulIill'y lill).!,I'l'S IIt'i,r HI!' lrilllsili,," III wl,i"h I.IlI'sl.l"ili).!,!tl
f1uid-ilir illl'~rrilf't· lost'S Slld,ilily I." ;\ sl,illillll;lry fill).!,,'rill/.\ jJill.l."l"IJ, 1)"I"'lIrlili/.\ "" tllf'
si:tJ' "r till" "yli/llr,'r. 111101 "" wllidl "r tIll' IWII "ylinrl"n; is mll1ti",I!,. tlU' hiTurrati ..n tu
Slitli"luory lillj,\"n; is ,·il!lI'r illlll'l'rl''f'll'lIl nl1lliIlU"IIS. Ill' ,lisn,IILillll""S. willi it SIIH,lI
lIltI"'llIl "I hysLI·... 'Sis. II,)' '"UIIII,;,rill,l!, "ill' re'Slllb wilh lIw tht ..,n·Linll ":(IIt"'lali"lI~
l",so.. lllll lilll'ilr slilhility Ittllllysis, alill wilh I,... ,villus 1')(IM'ritll"lIlal "''SlIIL", WI' liml
lllaL lillik-si:t.t, dTI"'ls "1111 sllloslionlially ,le~I;.y 1I1C' ,>Usc'L uf LIlt" lillJ;t'rilll; illsl"l.ilil,)·.
This is till' '.'St slll,ly "r li'litt'-si1.t, I·IT, ....L.. i'l lhis LYllt' III plt:te~rll"rormill,lt sysl'-Ill.
ilwl"llr n",nllslwV"I'"ll'lIli .. l ill'l'lio'llliuIIS illllll',-el;ttill,r, in,lllslr}'_
WI' Im\",· sl,lIllie'd ill ,l"udl 1.111- bl'tJk"Il'p;,ril,)' Ira\"'lillA I'Hllc'r11s 1II.SI'rl'l.. 1 wll"1I
1I1l'l'ylillll"I1<M" ill "UlI1I1"I"l'ul,llliulI, WIIl~1l I.Ill'lI11tl'r t'ylillol"l" l'ul.i1tiul1 Sl".... l i... jllsl
:11",\,,· its \,;,1111' al !,It" UIISI'I, of 1,1"'SI,l1liouary pal.1."fII, with 1,1t,! ill1lt'r t:ylilltll'r"lI11lltt~r·
,'"l,iltill~. II lIuir.. t,ltl l,r;'VI'linp; pilH""'1 is "hst'l'vt.. 1. \Vc' Jimlllllll Ulis palL"rll appt'm's
Viii ;1 ...tll"'I'\'riti'·i1J I'JIl'ity.I,rt·akiIlAtl'iltlsiliull, ilt wlli"h I.lll'IHltlc'rllllls,'S ilsr,'lll,,:ti'llI
sYllltl~'Lr.v illl'l hq:,ills Lrll\'t'lill~ ltlulI/o!, 1I1l' I.'up,tll ur 1111' ,'yliml.,t"l'l. I-IIIIV"\'t'r, wht'li tIll'
.. IlI-r "ylilltll'r ~I,,~',l is hip,lll'l", llll' lrll\"l-lillp. pi.llt'rns an' II"I'C'" IM'rf,,,·ll.\' lllliTurm.
JIlllllW\'l'r lM'rr, .. ,Uy ~Lllr,I,', J(Jlllll'r, llll' paU"nt's leWill Wit\'t-lt'lIp.lh, illlli llM'lillp;,'r's
l'SJ"lIt1I1'lr,)' nll.1 Lrlll,,'lillp' "1".... [ l'ilry sIt/wi,)· 1I1""F; LIlt' 1';ltlt-rn, III <ld,li~ilOlI, LIII'
lill1.''f"l'ilLt.e'rn is illlc'rmilt.e'lIlIy ,lislllrlK~1 liy transi"lIt hlln;ls or Ilisor,I"t.'tlIM:hlwiunr.
'I'lli' \'ilriati'm IIr \\,;I\·t·I'·lIl;lh lllulIj1; lilt' 11iIttt'rll ill this t.1:,iUMl ;.Jlu\\'s II" tu IIhSl'rw
til<' 1':"kl.i.II" il1sl.;,hilily in I his Lril\ldillg'I\'lI\'1' s)'sklII. mlOl \\"1' Ila\'c' 11l.-asllr1~1 tllC'
1':"kl.illlsillslallilil.rIMlIllltli,ry.
,\ 1II1'1,It,,,1 "f 11l1'i1slltinj,\ \.111' i1S,\'llllllt'lry Ilf till' lill,l:,'-rs Iii'S hl"'11 ,It'\'I'IIlIM~1 llsiliA
il Jlullri,'r lrimsrorll1 l.''f'hni,I'II', Ml'ilSlIl'l'lIlt'nls uf 1,1t" ,1"l/.l'I'" \If ilsyl1lllll'lry ur till'
lrill"l,litt,C, paUl'rn ;1:" a I'llnt"l.ioll uf tilt' "Xl'l'rillH'l1tnl nm1.wl pal'!ll1ll'1.er sho\\' tlwt
1,11t' iI,~,I'I1lt1ll'l 1'.\' illn.'ll"!'." wil.1! till' "lilian' l'<ml \If 1I11~ 1'''lIlt',,1 pilrlllllc:ll'r, 111111 tlwL
1,111' oIrirt.ill,~ "1""'11 is lilll'ar in llll'ilS.l'llll11t'Ll'Y, Till' lillt,ltI' r,'laliol1s1lip hdlVe"'1I 1111'
l,rilwlitlASI"'l'fl;111t1 aSyll11111'I..'.\'i1ls"IIl,lcIsTlJr llll'intli\'itllwllil1A"I'surtlll' I1Ulllll,ilurlt1
(:I'ill'll'rl.I"lrlll/II,'lil,1t
"
1~"-~71. \V,, als<I rull1p'llT 0\11" 1't'~'<11Il~ with lIlt' I'I"t'didi,,"~ "I' 111<' II ., :!.'I 1I""I.'l
111"lIt,itJIIC·,1 allil\'" f:mJ, l,y illl·,ostij.!,alill,1.', t.1,,· 1"'lwI'i'"Il" "r I Ill' SI'llliill 11""I"s ill 11",
pallt'rll a~ 1.l1(' c"Hll nol l'ari\lllC'l,,'r is ill''''''I1''''l!. I["\1"'\'1'1". ""l" I'<'silil S ,1" uul 11.1.',1"'"
Theory
ill\'lJl\'illJ!, 1,1", nlllplitll; "f I\'lfl'l'~ with \I'<i\'l'1I111H1fl'1' f{ ,lIul 'l.,!, 'I'll<' ~I,,]'ili\y or llll'
l'n,kl·II'jlill'il.y l,rH\'I·lilll;-Will't·,~1.il1.,~ with rt·~Pt'i-t lu hmg-wi!n'lt'III;t11 Pt'rl"lrI,atilJll~ i~
allHI.l'Zl',] l1~illl; t.11l' nJllll'lt'x CillzhllrJ.\-LlIl11lall "llll,ILinll, ilnd iL~ ~t.<lllility 1)('''1' IJlI~1't
:l,1 Lillt:'Hl' st.ability analysis
1'1", Iillt'al' .~I,illlili I._I" ,f nJ"l.il',t!, S,\'Sl<'I1IS h,ls I)(~'II ,~tlldil'll fur (j\'l'r thirty yl',lrs [:i!l,hO.li:l-
C;',.I;II-IIII, Tlu'l;t'IIl'r,,1 i,ll,,,,,rlilll'ar~[,;IIIi[it.Y iliialysisis luatltl "slll',ll )WrLllrllil!.ioll
I" <I llil~t, II"\\,, <In,llu ,_1',' \\'11<'1,111'1' LII" p....I.'lrllilt.ioll F;row,~ or '!"'-i1p wiLl, t.inH', II' tIll'
1"'l'llIrI,ali"u I;rlJ\\'s with l.illll',llll' hil,~" flo\\' is 1lllsLillJll',l!l,I il IWI,Il'I'u nw.\' furm, In
this s,'d,i"ll \1'" {"II,,\\, till' ,~;"tl<' rllllll' ill' 111lkillll'l ill. [i:l] did il1lfl1"I.I':;.1111; I,lli' lirll'llr
.~lal,ilily uf uf 1,1", slr,I;I;!11 1I1<'lIisrllS ill IIII' print..... 's illSI"l,ilil,y, Tlwir tn'"I.I1I"ltl. is
'lllil,'sil1lililrlu lIt", pn'Sl'utl',llo,I' Slf\'a,!!," [li:l, fi'l], \V" fil'l'l lou!; al llll' I'lllLaliUIIS flit,
11\l' 1';11'" 1'1,,1,', wilh it slrHip,lt1. inLl'rfa,',·, [II UlIl"'XIll'ril1WlIlal sysletll, shu\\'tI in Fip"





<llld t.h,'Ni,\'jn.St"kl'S,"plitliun f"r 'I, th,'IIU1\' \"<'I,,,·il.\·.I"·'·"nll'S
ThllSLIl<'c'xpl"l'ssiuli rm l!lt'lIu\\' v,·llwit.ris
fI(!),.:}= ~~:1 +.'\.:+ fl. (:!.:q
(~.'1)
Sillfl' 1,11l' llilid I>1I1y 1ills iI .~1tIilll l'l'l-\ion 111, 1Jlt' ),,,1.I.ulll 1",1'\\""'11 1.11l' ",vlillol,'rs, II',· I,;,vl'
'1'11<' lIuid l111x p,'r IIl1it 1"f1Atl, ill 1111' J!,ill' is tI..."
:!E. _~ (I/_.!L.)




/.[.'1) = I~l( I +UIl,1 OJ. E'I_ (:l.~) tlll'lI IH'l'WIIl'S
",. f:"I1( , (J ')
-=1')/, - \fells (J--ms'O~ - M ~, . (1.10)
1'(!I,lIl-/%, = Ijl,j!~[((I+~)+~.sill(:Yl)l
-/j/,{/~[~ (o+~) + ~Sill(:lO)+-kl'ill(40)], (:l.ll)
(' ')"(!I",)=J~I-(1 -, +- ,
'
m II





-l"US~(}", [(0,,, +~) + ~si11(:UI",I]
I (I [" ( ") '. 1.]+ ros1(}", ;;;;;j 1J'''+:i +:!SIII(:!(/",)+ TliSIIl(-III,,,) ,(:!.lll
III lhl' ,'xp('riII1l'111"tlw [,"1'111 WI 1Ill' I.·n. l1al1,1 si,!l' (,f Ell, (~.II) is \"l·r.,· sliiall. 'In,l
Ell. ('l.I:!), This IIll'HIlS llrat 1IIl'dl...·,·[,.,fl,lll'llll'l1isnISIJIl111l'1II1X iSSllIilll.
1)('[,11',"'· lit' <,ylil1d,·I'.~ slllmld I,,~ ('qllHllu that \\'hidl ('xils rr"ll1 till' ,t.:,~q', ill tIlt' ("1'111
./'1'd=I,,,,}(-;;).
wlll'I'!' !f(.'o) i.~;r r11lH'1.itJlI ..r th,' llillU'IISiulIl..ss nq,illary 1I1l1111,,'1' ('u '" /,,'!n, By
'1'<1.1'11/1' ":-\I)('rill1l'lI[" Illlkilli ,,1. Ill. f"lll"l !(.'II) I... I..· 1\',,11 ;II'Pl'lJ.~ilrlal,,'d I,y
f(("tt) = 0.11[1 _,'xp(_fI.Xfif.',,1 r ,)].
(I ~ ,,;1,.1 (S') +",,1',.1 (9) .
(~.lIj)
1':(1. (1.1~) tU~dlll'r witll E'l' (1.1 7) ,h'1.l'rlllill'·s II", ~lllrl (I, an,ll.lu·n·r'""·llll· l,n'SslIl'"
lil'I(]/J(Ul(/I) =//(Jd ill tlw(rUIIl.urtlll'jtIHII/,rinl,·rfm·,',
Nl·XI., a slIwl1 p"I'[,nrIHitioll proportiollal to .~ill(l... r) wilt I,,· illlp".~",1 "II till' iut,·,.-
ran'. 'Illd its Ihll'llr .~LalJilily lI'iJlIH' sl.IHli,:t1, TIll' positiull ~(.t:) illllltllt' pl'l'SSlIl"O' li,·I,1
II{'~,!I) al. till' rmr1.lld!l',1 ill1.<'rflln, ,Iff' IIlIIV
{(.r,l) (:!.I:-;)
,.(III /H) + 1/(t)',d.IJ)~ill(h~), (t. 1~J)
lIy Tily!"r "XI",lsi,," "f I·;qs. (2.1H} IUlIl (2.1:1) IIluHlt!l:= lim to 1.111' lirst mdc'r.
W",!!,l'I,
( '") '" (.I") . q/,(.r,l}):= J~I - - + -:;- - t(l}sll\/k.~) --.
hI" b", tiN ~'" I' (:,ul)
(t,2t}
r,oslw.'Livl'ly, WIIC'l"l'/~' - 2111"",:= /I!:~) alill I.hl' t'III'\',llllrt' ur till' pC'I'I.,'r1H'd illl.l'rfHl'l'
[«1),;"('··,11,, __ (tW· It, ,j
[I + [((I)sin(k,r)]/ji - I Slll •.•.
n.\' l'qllill,ill,!!, till' ri,!!,lIl.-h;1lI11 si.II'S or Ells. (2.20) alld (2,21), \\.,' lind tll;11. t1ll' n'!;I'
l.jllllshill 1",1.\\'1','11 t(l)mll1 ,/(1) is
illl,,'rfa"I':
wlwl"l' Ii is til<' 1101'111;11 din"'I,ioll "r lll1' illt.<'rfll(,('. HlIII II" i~ tIll' \"l')"eity "r lll<' IIlIill
It,,:= dt,,~f) Sill(h),
"211
rip,lIt IUIlIlJ sid".IJII' tlilid ... t!lIill,~ ,,111 "r Ill<' i"h·rrnn·. 'I'll<' \-..!",·il,\' it'is
ti(.,',III = C' - T:i "~I~!'lf/'.
lI11d
1l1'l'" if= (;;,+;;,,)/"2.
Wllel"', by Tnyl"I' '·XlllllI.~i"ll.
1?({Jt; = ":H rlll(I;;://",) +" (I?'~;.:;::,l /1111) ,(I} Sill(~·.r}+I,;"II(f}"'I~:;':'''l sin(b·). (:!.:..!!I)
1IIIdll,,,)
-"-11-'
Clllllhi,Wd with Eq. (:uq, I';q. (:.!,:.!!l) Jwn,nws
~ "" ~ 1I"llIl(",,,) [J'1"Qll ~, ] ,II ({)-, =b",-,-'-+ -'1"'+"",'Ik(I/",) 1/(l)SIIl{l',,'),
'II '" ' m
wlll'I"(,II,,, = l'b(IJ",)/·'.'I,'lk(U",)='/'/dH",)/'/II,
Frollll::IIS. ('1.'1:1), ('1.2M}, (2,:1'1), LI"·I·'llml.iollli,rf(l)is
21
l,irnn'llliuli hIlPI','n~ at /1 == II,
'1'" ";Ikillill,' f1, WI' uI'I,,1 I.u klIUI\' '1/"(11,,,), '1'111' illl'OlllPrl~~ibility or tIll' IIlli,1
111111 1'1'0111 tlti~, WI' lti'V"
'O'lh(,IJ)II(II)] == n, (l,:l!i)
(l,:Uj)
\-V, idsu n"l'lin' I,ltal 'It- gUI',~ lo Zl'ru \1'111'11 II -, -Xl. For simpli('ity, W" ;'SSllllll' tltat
[ "(.II,)It =:ih Jii _ . (2.:17)
'1'1"'11 1':'1, (l,:lli) ('1111 lll'sull"!',1 rur'1/:' TllI's\)1111;01l is "r lilt' f"I'llI
'II.- ~":-:I'(T, (VI +"~~'~ -I)),
Ilsilll; this, l1""'xpl"',,,,illll rill' tlll' growtlt ratl', Eq.(2,:\'I), is 1101\'
will n'llwil1 1lIldl1ll1"".II'X"'·pl, 1,ltllt. lilt' \';Iriahh's will no\\' Ill' ,lillll'lIsiolll,'s", Titus,
ill1111' following rilk1l1alioll~ ;111.1 !!:rllpli~. \1'" lI"illll~" ,lilll<·II.~illlll,'~~ h'lI.c,lh rllrialol,'~
\\'lli("1I han' 1"... ·11 ~<"Id,·d h.\- If, ,,11,1 Ill" ,littll'lI~i<llll,,:<,, ,·al'ill"I'.\" 1I11111hn ('" ~= 1"'/~.
TIll' pia liar illll·l·ra,·C· Ius,'." ~lllloi1il.1· wlwtl IIIC' '::'1'''11'111 rill,' .t '= 0, F"., a gi\"'11
).\<1)1 thic'km':<~ I~l!U illill rllpillar.1" 11111111"'1"" ('11, ,111.1 ('II", \\·c' ,'all "lIkllla"'/""! U ;11,01
(1I1!Uu II,\" llsillK E'I~_ p.H) Illtd (:l.li). Thu" \\"to ,'1111 1II1IlIl'ric';dl.I' c1d"c'lIlil'" 1.1".
~1.11hilil.y l"I'llI,lary hy ~1'1,Lillp, E'I' (:l.:m) "'1",,1 to zc·w. I-"i,::,. :l.1 i~ a 1'1,,1 "I'llit'
,,1.i,hili1.y hUllnclary ("llkll(;,I.(',1 rur I~,!U = n.UO:l'1. TIll' ililillil.,·_ ."I.r;';p,hl nl1'lIi~nl~ i"
~1.ill>k ru.. \'Idllt,~ ,JI" (.'u I.\'ill'::' It,,ICJI\' tI", pl,,1.1.,'d "'u\"", illlclllll"lldd,' I" 1.11<' f"nllill.j,,"
"r sillllsllicial lill,::,..r~ al",\'\', !l",\'OIle! L11<' Id,::,h-\\·iI\·"!c'lI.e,l.h "11.1 "f 1.h,' ,'111'\'c' 1,1,,11t·.1.
SlJllItillll~ "I' I';q. (:l.:I!J) with ri = 0 nllll,1 11"1. I", r""1111 r"r ""Id l'. \V,. wUlIld c'xl,,",'l
hWlIHlill'Y plu(.tl',l ill Fi).!;_ :l.I. This OCTlirs lir"l, aJ, till' millimlllll "f I,llt' 1'1,,<1,,·,1
has nul I>C'C'1l rllllllri ill uLllC'1' mwlYM'l< ur l,hi~ I,YIII·"r illsl.al,ilil.y [1l:1, IHJ, "\"'11 I.IH<I, "r
1I11kim 1'1. ilL, wllosc' "CJIHltiulI~ \\'(' 11:';("11 [i:lJ. Fllrl.lll'l"llItlC't', ulIl' ,·xlwrillll'lI1.:d """"Il.,,
111"1' 1lI0"t. l'ull~i~L"lIl wilh tilt· shCll·("wlIv('I'·lIj.!,1.h ill"lliitilil.\'_ \Vliil,· 1\'" hllv,' rIC' ""/1""11
s"I'mst!lal, 1,11('IIij.!,II-I\·1I\,,·I('II,::,l.h ptJrLicHI "r 1.11(' s1.111,ili1.y 1"lIl11,IM)' is r"r ""IlI'·n·a.S'UI
!lot l'd,'WHl1. l." I,lli' Ilh.l'"kHI si1.lIl1tioli. This \\'illl,,'sl1"\\')1 rllr'llwr in C:IW[lI"r '1.
BC'I'('utl}', 1{I·illl'll. [70J lias (,1,k"11 inl."I"TtJlIlIl.l.l... ,·U·,·,·js"r I",th 1.Ill' l,.fl ;'11<11.1",
ril!,hL uil-air illt,,·!'rl,n,~, 1I~ "),011'11 ill FiA. 1.1, "II til\' s1.HI,ility "f I.h,· 1l1l'Ilis'·II.s, ill"II'ilS









0.0 0.5 1.0 1.5
wavelength AIR
FiJ,:.Ufl· :!.I: ('al.-nl;llt·d linl'<Ir ~l.al,ility ltullllllHl')' of l.lll' ~1.f1lil-(ll1. Ilwllis"llS, 111.;1 <Ii·
1I11'lIsiol1l..ss ~iqJ lilirkllt'ss l~l/U = Il.UU:H. N\ltl' 1,111' 11\'0 milliliw. Tlll'slithility
"'"T'':':I,"ndilll-( III tIll' lllillillllllll at I;lrp;t~r Wll\·t'!I'IIp;lh 'WO'HI'S at a 10\\,1'1' VilliII' "f ell
all,l so sh'lll1d ill prilll'il'l,· hi' t.11C' utlC' uhs\·r\'t·d ill 1111 i.ll'ill t'xp,'rillll!llL, hilt till'
!'XIll'rillll'ul,,1 n'slIlt.s an' ill ],d.II'1' iWl'unl with till' shurkl WII\'I'I,'lIp;th illstllhilit)'.
:!I
2.2 Pnl'ity breaking
'·uIIUll'r-rtJtill.,'. AI t.his 1nilisiliull. till' lill!;"rs tlf I.!l<' 1,,,11"1'11 Iu.«·I Ilt'ir n,II",·\.i"lI S.\"III
Ill<'t.ry lind Sllll'l, ttl drin.. II. is i1l1possilth·. ai, lhiss1.lIg,.. I.. illl',·Sl,iglll,,·1.11l' 1'1"<I1,,·r1.i,'s
of t.his l.tlll'"linp;-palt.I'r11 sl;I\.(· I,.\" sulviulJ, L11l' NlI\-i"r-sl"k,'s ,'(plIl1 iUlis. T" al'"iol Ihi.~
lll11th"l1H1t.i<"i1l1y kllt11.1y pruhl"lIl, h"\I·'·\·"I'. W,· <'Hil stlltl.l· I,IU' ,lylliltllit-lIl 1",1I11I'j"lIl
TIll' ot.llI'l', whidl illvulv,'s til<' !'t'S"II11nt, nJilplill1J, ul' slliil.iHI 11I,,,I,·s wit,ll 11'111"'11111111,,'1'1;
sill<"- tILI'1I by IIWll.\' ol,lll'l" !;IUIIPS [:!!I-:I!'i.:li-.H1]. 111 this :-;""Li"11 11'" ill(,r",llIn':-;ullIl'




\\'11('1"(' S i111l1 A aI'(' t.1ll' ltlllpli(,lld,·s ur tlu' sylllllu'lri,' ;,wl l'lIl,isYlIIlIll'l,ri,' 1';lr(,s "f
/'.,'(,r.):=:ff. ;(-,r.) (2.41)
(1.'I~)
II' A :=: 1I1111' I'"lkrn I",~ p"ril,y ~YII)lI1t'l,l"r;A <"111I Ill' tllkl'lI III I",tlll' unlt'l" [Iitf;1I1wl.l'r
or 1,111' Ilrukl'lI'l'ilrily ~I,~,t.". TIll' Illiasl' VHI'iill,]" (~~iv,'!' 1.111' pltll~l' "I' till' IJi,t,1"1"II n'la-
til'P to 1,lIat "I' llll' lIwl,'r1yili/!, ~ytllllldl'il"paU"I'Ii. A Hum':!'I'U I'illlll' of '>1 r"'Tl'~Plllld~
Lo a Blul'ill).!, pal1.l'rn, whil,' <1>... :=: (,,- '/0)/'/0 i~ lilt' rdillivl' ,lirr""l'III'l' 111 waVl' 111l11llwr
pan"I'II, II'hid, lla.; wav"1l1l11111l'l" '/1>' ,.,', A <llld "~ "n' 1l~~lllll,',II." b., ~Iuwl)' 1'1l1'.rill~
1"l''1lliwd rIll" 1.,,1,11 II ;'11,1,>, II'hid'lllily IlO'dl'dlll'I'11 rfOlIll.ll1' ill\'ari'IIWI,.,rLlll'd.l'Hill11-
i,'~ ~I'I'II I,)' ul'~<'I"I'.'r~ UI1 l'I'llll~i1.I' ~ilil's or 1111' IHlll.l'l'li. A~~tllilill,!!, l,I',IL llu' I"tlllnlillH II'~
"I' I.lll' I\\'" "I'~"I"\'I'I'~ ~tn'.r ,11111 .r, til"" ,,, "'" -.r, <111.1 ~(-x) :=: -q,(;l'). Sinn'tlU'
illilplil,t11I,' "I' tlu' 111lU.l'I·1I ~"1'11 I,y I'otl, l'il'Wl'I'S is tlu· SallH', l.;,kill,!!, inlu ill <"tllmt
l.1u' 1I111.i.~.\'lllllld.ry or IfA, \\'P 1'1'lluin'Il(-,r) :=: -A(:r:). Till' ('qlliltillll~ or mol.ioll
\\'I,id, ~ill-isrr 1.111'sl' ,\\'1IIII11'll'i,'~ illl,l lin' ill\'~trial1twilh l't'~pl'd to 1,111' tl'all~rlJrllHt1.iull
,> -I "~ +"Oll~t ;Irt'. I" l.11I' 1(J\\'l'~(, ul'dl'l'.
..I,:=: tI...... +I,ll - Al + ,~~...A +
~~, :=: t/J...... +wl1 +. (~.+I)
\\'lu'I'l''''-' alll[ , an' \"tltlplill,!!, nll1~lillll..~, allli/l (Ilol visl'usiI.Y!) iN 1I11' l'UlltwlIJitl'l11lld.l'r;
tIll' 1>;1'111'1' .. 1iUll (I"('t1I',~ ill. /1 :=: O. lh'f\' \\'\,1111\'1' H~~III1H'fl a ~llJ)I'rniLil'ill hiflll"l'itl.itlil ttl
111t,Ill"uk,'n-pilrily ~tal.,. illlIlTunl;lIl1"" willi "Ill' ":'1l1'ril1U'lll.ilI1'I'~1l[t~. II' <I ~1l[l("ril,il'al
l,iflll'l'aliull i~ iI~~lIl1l1'd." 1<'1"111 111'''J1l1rliul1ill ttl .. \;; ~lIlJllllll>l' illl"ll1l[l,d ill Ell. (~A:I)
:!Ii
di~"ll~~i,," uf I{,'r. [2:;1.
Fur 11 ~pHl.ially lI11if"I'1l1 1'"U"1"I1, Illl' ~l"ild.1" ~olllli,,"~ of 1':'1. (:!.I:I) ,11"1' ~il"'11 loy
\\·hi,,11 lw~ lllJlltl'h'j,,1 ~lIllll.ioll,<
t1=±(I'+Up•. )'/;:,
1':'1' (:!"j,]) tlll'1l ~i\'l'~
trav"l in lIPP\J~ik din,,·ti(lII~. Frum 1';'1:\ (~.,](j) alld (~A7), w" <'~IH',-L 1.1,,' :\'rllill"l' "r
l,lw i1S)'ulllll'try or Lilt' p"U<'rli LU).!,l"U\\' lill,'arly witll lh,' .."nl,r"II'al'illlll'fcor I', "",[
2.2.2 tf - ~tf mode coupling
A 1II01'(~ SIl(~,~irk mudd of IIMity Ill',';,kill).!, inv"lVf's till' 1""S""'I1I1. """l'liu).!, "f ~IJ:oI,ial
Il1n(],':\with Wi'V"lllll1ll"'1"I/aud'2I/. J\''''fll',lill).!,tu lid. [:1.';1, allar,l,'m (/(J',l) iIlV"lvillj.!,
two 11Im!l·,< uf WlIV<'IIlII1lIll'l" tf Hilri 'l'1 "M' 1Jl' WI"iI.1"I1 ,,:\
/1(",1.) = [1'(.,.,1).....' +,..•..] + [IJ(.", ,),.'"'' +"'.1' . """1
II"n' (: ;11111 f) iln~ LlIl~ i1l1ll'lilllfl,':\ of 1.l1l' tWlJ IllOd,'s, Blirl ,'.,', illlli,·"l.o's 1.1", nlllll'l"x
l:OlljllgHll'. If 11',' i1SSII11Il~ tllill t11l~ IliIltl~rll is l'llilliHlly 1l1lifflnlJ, 1I"," (o' "",) IJ "1'1'
<l.Yllilllli,·s of I,ll<' 1I11Iplil.lld,'s of til<' twu III"rI,'S, TllI's(' l"pwlions, lu third ul'lh't'. illl'
or LIIl' rOrln
(:, = /sf: - (:"/) - nl(.'I"./(: - fjIIJI 2(:,
IJ, = I") +C'"./ -,1(:120 - hl')I~/),
(~.'I!J)
(~':itJ)
whit'll 1I"S<'I'ill(' II n'solllllll, il1l,'nu:tiutl or llll' tll'U 111I"I"s. '1'11(, l'lwlfi.. i"l1l.s n, H".1i
M" I'"siliv,' 1.0 "lISIlr<' 1.11(" .~1.lIhilil.y ur th.. solll1.iulis. lhat. is, (.', 111I,1 0, slum!d ,c,u Lu
z,·m wlll'lI (.' Illlll IJ i,wn'as,' III' 1,0 n,rLillli vIII II,,.. \\1" aSSII1l1l' II < 0, SIl1,]II,l only tIll'
Jlb'lHlI' illl,,,rrlll'" is sl.ilhh·II'I"'1l II < II. [11 this ("IIS(, 1.11l':!q lU'HI" 1J< lilll'ltd)' ,lIlIl1l)(Od,
TIll" J<ip,lIJ< "r 1.11<' '1'1II,ll'Il1i,' l,erl1lJ< lilW" h""lI rlloS('ll J<1 ...11 that th,' IHlrity-hl'l'Hkill~
ill,~L;lllili1..v ,'xiJ<ts.
Wril.ill$!,
II'!, ).\d, rt'uill E'lS. ('2.,1[1) alld (:t.:"ill)
('2 ,~i I)
If, (I' - n-fl"J - 1181)/1 - H.'" ("OJ< ~t
(I' _,Il"J _li8"J)S + ll"J cus E,
(:U"'_Il"J/,...') sitl~t (~.:."I)
\\'11<'11 II Iw,-om,'s pusil.h-,'. 1-111' _~I.Hhll' SI.III.,· hiflll'!'ah's to 11 statiullary p"I_l.l'rrl
SIIl""I, l"urr<""l"""lill,l?, 111
/(, = 0. 8, = II, ~, -= 0, ~), =l'OIls1aliL l' 0, ('2.:;(i)
Thi~ //-'1.'11110,1,,1 is in fill'l "(llIiv,.I"111.1" 1111' 111<,,1,,1 "r (',,,,11,'( l't al. ,I,·.s'·l'il,,·,1
2.3 Instabilities or t.he tnlvcling.wilve stat.e
In UIII't'xp,'rilll<'nlillsysl"III,lll('hr"k,'n'I'",·il.VIra\'('linJ.\\\·;'\·'·';HI"<"oI'';'·I'\',·,II"l".
,;lallh'ulIly il1si,j,· 11 Wi1\'(·I,·n).;Lb l>il1l'l. ,\1,;", 11".I,rom'lin).;,;I;,I,,· is "Ii;",li,' \\'1",nllw
is VI"I]' low. III lhis Sl"'Li"ll 1I'I·I""k ill. 1,lwillsti,l,ili1.y "r Ill" lr;'I',·lilll-\ \\";,\',. "silll;
1,II<:nllllpl,':" Uim:1.lIrl;-l.illltlilll t'/Illation. whirl'IJt,,',li,'ls ;'11 1·:,·klli'lJsill.,lal,ilil)· (",
tri,n'ling \l'i1\"'S. 'I'll(' ,It'lails or Illi.s i,wll.\·.,is "1111 Ill' r"lllId ill fl,·f. [~':!.I. \V.· 11 ... 11
i1lllJwl'XIll'ritll"1I1i11 '·'JlI1.I·oll'ill'ilIlII'1.'·I', ill i'I;I""('IIH'UI willr 1,1 ... r,-,;llll,; "I' I-"itll\"'/'I al.
2,3,1 ResulLs rrolll COIIII)lcx Cinzburg-Landau equation
11,'n- II'" l'Il"!><'lll "'11l"litil1il~'IIIt~m'li"'II"XI)I"1l"l;"1I r',r tlll'I'OII~,\\,,,\'('II'lI~lh IIl..,I,
11[;,li"uill itlsl..1,ilily ,.r Lilt, lrl'\'I"lill~ W"\~~I Wllidl is 1I1I;.I'IA"IIS lu L1w Ed,hilllS iIISt,,·
!.ili1J r..r stil1i"lIl,ry pllll,'rlls. A olC'lllil,,,1 ll"~'"'li"l1l i111111)'sis nUl I... rOll11l1 ill Rd,
11,,1'1' A is tlU' illlll,lil,IItI,'ur" nll1llll,'X li,o\,l, ,111.11 LIlt' l'IIlltnlll,;,r"11U'lt'r. \1'111'1"1'1111'
l,irllrl'it1,ioll i,~ Ht f = n. 1'1 lind f~1 .tn' llssudalt'd wilh dispt'rsiull drt~'ls alltll1lJllli'll'iIr
rn~IIl"IW,\' n'lI"mllllil.iltiulI, 111,,1 1>1 1tl1,ll~1 "UI'N'l<IIIIIItI 1" ,lilr11sillll dr",'L" (II, > II) ILlIlI
t" n"nlilU'ar sl,1tI,iiil,\' (f~1 > II), Ii.... 1tJll'rupr;l1l..'ly """lill1; lilll<' IUld SI'III"'" ill 1111,1 /':1
,'all IN'''''' 1""IIt', TI.. IS




Sl1l,stil"till~ E'I, (:l,til) ;ttt.. Ell, (1.fiU). \\'(' tilllllll1lllht, 1I111plillltll'" illlll pllaS(' 0
'l'rill·,'lin,c,'Wil\·,'S(,llllilIIIS ,'1ll1 hI' "ilsily r'"1I1tl Ii)' st'llill1;
('hilll/,rr:!, TI",ur,\'
Silln' f1~ IIIIlSI I", I'lJsilil't',llw \\'iI\"'III1HlI",r \If tl1l' dl'inilll-\ l'allnll mllst I", ill 1111'
If~ < f. (:.!.l'T)
liS Slil/WII ill Fi).\. 1.2. TIU' lillt'ilr s1..d,ilil.y "f t,1H' 1'11111\'-\\'ill<" St.ill.., ,Ii's<Til,,'d ill I':q,
(2.lj·l) t'itlll", sl,lldi,'d loy 1,I11'SI,;lIldill',llirll';lral1al,l'sis ;IPIIflIiU'!r. (,.'1
,i=III"it.;r-/-,\'.




1'1 =2(/J + :!I/~, (:n'~11

















Fi~llft, '2.'2: SI,;,I,ilit,v diil,!!;riltll or 1.I·a\'t'lin.c:-w;l\"~ ~tiltt' rUl" till' (;inzhllrg·l.illldi~1I"l[lIll-
lillll. t\ lfal"l'lillp;'Will'l' state' t'xists ahov., till' :o;ulit] l:llI'Vn, hill is olily :;l<l1.>11· itbuve
til<' d"slll"[ lim'. TIl\' (,ral't'linp; \\",.V\' is sllhj,'d, tu l1w [~ekhilllS inslilhility ill lIw
r,ll1/!;t' 11,'1\\"~'1I tIll' I.II'U ,·lln'"s.
TII(~ n"luirt,t1\('lll fur Slilhili1.y is,\ < II. Fur l"lI~'\\'ill",'I"IIp,tll m",llIlali,," ((! ._. 0).
i «: {J1. '1'11<'11. '>Xl>1lIl,lill,C, (:!.ii) 1" "nl,'r Cr. 11",' p.,·1 1111' ~Cal,ilil.\· '>'III'lli,,,,
Reb'/.rl+i~/I{'] >11.
Sllhslitlltillg Eqs. (1.7:i) mill (::!.7fi) illt.., I~(l. (1.71\1. \\',' p,<'I.
(:!.is)
(:!.7!t)
Fl'lItll 1~(lS. (1.i!)) ,IIHI (1.li!".). \1",' lind th;lI. till' tl'm'l,lill,C, Will',· IS .~tid.I,· III til<'
'l 1-"1";<
If < f 1(1 + ,.~) + (I ('1":1)'
TllI1s alw(:t'ssilry l"Ollllitioll rOl' ~1.ahility is
(:U{]j
liS ~hlJlVll ill Fi~. :l.::!. This n'sllit i~ vl'ry ~ill1ililr t,. Lh;,l. ,1"snil'In,C, 1.1,,· J':"kll1lll~
illst"llilily [,1:1] ill til(' tillH'-illd"Pl'lIll(~lIt ra~,'. III IhHl l'lI.~,', " st.ill.i"Il;II"Y I't'ri"r1k
11lItt'-1'1I ofwil\'l' 1I111l111f~1' If l~Xi.~t.~ wl,t'n ,,'l <, (ill IIUl"lllilli~l',lllllil~), I'llt is "uly sud,I,·
statiollflry pl:riutlil: paLt'~1'1i is Sll],jl·,~t to LI,,' E.·klmtls illst.al.ilil,y ill tI,.. W;'V"III1II1I",l'
baud, fr <./ < f.
2.a.2 Results from asymmetry equntiolls
III this s",'Li"n, I will illVl'stiJ?,iltl' I,IJ(~ s1.ahilily ur the spiltially IltlirUrll1 tl'<1,vdillg-wilve
wlwl"I' A rrpn's"II1.s I,IH' ,l,,~r','l' "r aSyllll1wl.ry "f till' pal,tt-rn ilS 11I'rlJrt~.
with Au = (I Hlltl dJn = II. Sllhstitlltill~ Eq, (~,H!)) int" Eqs. (:!..l'tl) ami (:l.HiJ),
w" ~,,1.







,IS slum'lI ill FiK, :l.a, \V(' ml\\' arlll il sl11i1lllwrtllrhlltillll Lo thi:-; tl'avdil1g \\'i1V(~. Ld
A = tIU+1I11,iQ.r+.\I,













FiAlIrt' :.!,:l: Lillt~;u' slahilily tlill,l!;1'H11l ur tilt, SI!illil11JY'"l1iful'l1I I.rllVO'lillp;,wavI· stall'





III this nlSI'.\ is '°tJlIlplt'x. so tilt, rt'clllirl'llIl'lll fur sllll>ilil,y is Re(.\) < II, thaI. is,
[, "]Re Ii + Ifi > U,
/1 + r":,"11 > ~f~o




,l.o.<l.;d,ili~I'lll<' 1r"\'t'lillj.!,Sl,illl', l"I'j.!,ilrtll,'o<s "ftllt'sij.!,lllJfllw"I>Ill'lillj.!, l'OIlS!Hll1.,..;W alld
t. This 1"I',..;u11 H,C;I'I'I'S with tIn' I'l!lwlliSiotl (If Flllll'I·l'l;,1. [:i;jJ, t!L'!'iVt'tl from 11 IlIOI"!'
j.!,t'lll'1"ill wrsitlll or 1'llllatioliS (2.'1:1) alltl (1.+11. Fl'OlJ1 Fi~, :.1,:1, \\'1' ji1ltl tllill, if II :5 till,
i'S is !.Ill' 1'~'SI' ill Olll' c'xlll'rillll'IlL, I,ll(' t1"ilvdillg Wa\'l' is always 1l1lStilhlt, wll('l1 II is
slHi,ll, '['l,b is ill aj.!,rc~'llIl'lllll'itli our 1':qll'l"illll'IIL l'l'slills, as will!>I' disc'ussl'd Ill'lo\\',
Chapt.er 3
AI)parat.ns
TIlt' i'l'l'"ri,tlls ma,l., fur ""f ,'xIK'rill1<'l1l~ is illllSI fi,I,~1 Sd"'lIlillir"II,\' ill Fi~, :1, t. II
Wi'~ 1"I11I1]KISt'd "f Lwo ,·.,.lilllll'l'lI, wil.h 'Ill<' lIIU1I11I,,',1 iliSidl' till' oLIII'I". 'I'll<' ;,SI'S "I' tl ...
l\\'ul'ylillll"l"s 1I','n·lnJl'i~ullti,1 ;l1II11",ral1,'I, 11I11. \"'I'I,i,'nlly 1,lr,~,'I" Il'iLl, 111<' 1:,;'1' I,,'III"~'"
111(' ,:ylillll,'rs slIwll"sl, ill, 1.111' !lou.t/tIl, A !TuSS-s,'l"I,iuli 1.1'l'tHI/l.h 1_11<' 1,1\'11 ,·.l"Iill,I"l"s is
,~hll\l'li ill Fil1,. 1.1. Tll1'l>II1.'·I·"ylin,h'I".III;lI'hill,',1 rl',ltllils"li,II'I"xi!oIllsl"I"l, I'I'S!""I ""
t.11t' IIiIU"rlI ttl III' 1lI11ltilun'il wi~h a \,j,I" .. ,'''llll'ra, lb ill'lI'1" r;ulills was "2 .:: 1;li.7
tlIllI lLllll ill' Il"lI,I1;tll lVi'S 11 = :llli HlllI. '1'111' illll"1' ,")'lill<l,'", lI1i"I," "I' whil," Ildrill.
iUl'lllllill" all tJf th'N" illn,l\'ill~ till' tfi,\',"lill~-w;t\·" Slill,,'S, W,'I't' p,'rfurlIM ..1 lIl'iuJ!, ;111
illlll'r rylill,II'r wilh r...lills 1"1 =- 1',11,_\ 111111 ;HI,1 11'111.111 " =- :!1r..~ 111111. :-W>llM' "f tIll'
f1'1'1111L.. 1't'[M,rh..1 ill (:IH'plt'r .. WI'f(' olllitim..1 IIsill" ,m illlwr "yliuol'"f ur 1I11" $'111'"
h'llgtll, IJIlt with iI slllil1l,'r filllillS, ", =- :H,K.'", HUll, ill "rd"r t" J!,itllJ!," lilt' itll' .. ,l'lillI... ·
uf '""ulI[ary I·'f, .. 'ls, 1\ ~f"lIt,I"1I1 "f "'funl Wi'S Sp"lIt I." "IIS"f" tllilt t[". '·ylir"I,· ..,.
\\'I'n~ IIHu:lLillll(lltJ hi~h lul,·rillll'l'. AlIlllllilf '"/1.1 "il['S "11 lIw uut"f "yliml"f ,.,,"lir...,l
L1w I'xpl·fil1l1'lIlilllllli,1. [II t,'nllS uf lIl" 1"M,nlillall' syst"1Il d,'[illl',1 ill Fij.\, ;1.1,1.111"
;; pusitil!lIs \11' till' "lids ur 1111' illllt:r l:ylir"ll'r ",,111.1 [II' illd"I"'II,I"lItly i"ljlls1.,'d witll
l1lifl'lIllwtl'r St:l... \\',~, liS t"llllid tlll'!/ [llJsitil>lI of "il,'11 "11.101' I,ll!' ollt,'r "ylill'["I", TIll'
.1: p"si1.ilJlls of Ioo1.h iull.· .. l'ylill'lt'T ;'11,1 1l1l1"f ..ylin,l"f w,',',· ,dsu i"ljus1.al,l,·. Two
t""llllmkf-nllltflJll,~1 Illi"nlSlI'llpilll; 'lloluMl ((:"r"[11'1."" 1'llIs, (:1'1,)( ;,7-'''-1l) w"n'









Fip;lln' :1.1: S<'Iwnw1.i,· ,lrmrillp; uf I.lll' '·XIH'I'illWIl1.ill apllllr,i1,IIS.
('hilpkr:l. :\/'1"11';1111'"
l·UIIIII'("1.t'll II> ;1 pulll'.\" \)11 till' ll~h' of lile' illlll'1" (".diulln ,11111 I" ;1 p,rom'" \Ill IIII' "1I11'I'
slIrf,Wl' ur till' 0111.,,1' l'ylilllh'I", ;l~ S!lI,\I'lI ill Fip,. :1.1. 'I'll<' ~l,,~',1 or 11\l' m"I"!",, 11"11"
('{ml.n,llc·cl rrulll iI ]lrup;rlllll l"lIllllillp, "TI a l'l(l:!I'lIi·I'OI~,',1 1"'1''''>llal "'>llll'111,'r illlnl"an',1
to tIll' l11\lt,ur~ h,\' all llS-2:12 ~,'ri,d Ii II", TIll' lI",lul'~ 1111,1 a minilllllill IlIrwlIl"1l1 in
1~'1'1,1U' inll"l' ,'yliwh'r 11'11,11 1") =;,1l.·1 111111. IUH Illl"!~ r"r till' inlOl'r 1·.dillOl"r will, "I _
2'U~!", lHlIl, Mid lIJH IlIHl/s fur tlll' Hnl"r ",dilld,'r,
TIll' "lIip~ rep,i"n lit. till' 10,,1.10111 or Un' ..yliml,·r,~. wh,'n' tIll' .l!,al' 1...(I\T,'1I I,ll,'
cylimh'rs i,~ Sllllllll'l\1., <'IJ1l1.nilll~1 II "'IiHtlllllllullll1. "I' ~i1i"ull" "il. jll~t "II"II/:h I... 1;""1'
t.his rl'}!;icJ1) Iill.~l, TIll' wi,I1.11 ul" this nip n'p,i,," is ill 1,11l' "rd"1" ur 01 n'lIlillll'l,'r ill
or till' oil 1,,,1111111'. ill I,ll<' slal.iullar.\' lillj!,l'rillp, stat,· (('Itapl.,.,. .1). 1,IIl' l'l'slills HI·""t,,1
\I(ISC'1. 11','n' slip,htly arr..,:l.t't1 loy 1.Ito' iltllUlllll ur"il. 10111. liS I"ll.l!, as till' uil \·,,11I1I1P I\"OIS
WPl'I' lllllU' with 1111 "il whic·It \I'l' rdl'r tu Hs lJii 1\ (I\)dr'idl CIII'llIin.1 ('u" l'Il!'"I,,!!,
n". l'l,fil.'i·:!), wllirh Iliul visn~~il..r ,I =11..'i2;' )!,!nll s, slirrilt'c'I,"llsiCJ!I rT" r!J.'I!!,!s~,
Illid dellsity ,I = O.!/(j:1 )!,!l'Itl:1at l'Oulll 1."1ll1/l'l"ittlln', " re-\\, rHtlS ill (,lwsLOIli,,";,r)
lillgc'rillg Sllltl~ W('re' ,lulll~ with 11 BIOIl' l'isnOirs oil, oil 11 {I ),,1'1 ('"rllill~ !",!",Il), whkll
Till' width ur thc' )!,llp l,dll'I"'11 :.11<' Llo l'ylilld.,l's was s,'1. with 1.11<' tlIin""WLl'r
snl~ws. \VI' illr'n'aSl~ll 1I1l' !!,i1JI r"Ul!l ~1'l'C1 1I1kktU'ss.lolit Own' WOl,~ 1111 lllJ'·l'rl;,illl.y ill
1,11C~ IIH'il1.iuII or thi.~ ~.,·ro [loitll. HI' idUJIlt ±rUI;, 111111, TllO' ,ltlirol'lIlity "I' till' j!,i11' n,nl,1
:I!l
Ill' filll'-tIllU'ri l.y vi~lwl ;'Ispl'l"tio'l of Lilt' lIt1iforlllity of tIlt' liIlAI'I"S ill OIlSI'l, whit'll I\'H~
VI'I'y s"llsiti\'t' tu thl' ,11.111' tllicklll'SS, TI", pHrillh'li~1Il uf till' ,·.\'Iill,II'rs 1\';IS adjust",1
by iIlSI""'Li"lI "I' tlH' stability of tIll' ~t.at.iollllrr fillAlT~, If tilt' ('ylilldl'r~ \1"I'W slip,hl.ly
0111. "I' IIlip,lIl1lt'll!.. thl' lillp,,'r~ llid lIut n'lllaill still,iul\ilr.\', hill. iIlS!.t'illl I.rill·,'h'd idUlIP;
1.111' It'll,l!,1.h "f!.llt' ill'l'lIl'i,1.I1~ wit.h v,'ry luI\' Slll'('I1.
Silln' I.IIt' 1II1ifutllli1..\' III' lilt' pHl1.t'I·1I tlt'ill" UIISt'!. was \"'1'.1' lWllsiti\'t' ttl 1.111' P,ilfl
t.hi,.klll'SS, llu' lInif,u,ltlil.y uf 1.IIl' "ylilltll'rs Wil~ \'I'IT impol't'1Il1 to 0111' ~l.lltlil'li. 1\ slIh·
sl.illilial illtHlIlllt of ,'Ifort. WilS pllt.ltJIl'ill·ds "lIslirill,ll; 1.1)(' Ilnif"rmity "I' lilt, ,'ylilltll'l"s.
III (lllr l'xl"'rillwll1., "Vl'l) \\"11l'1I til" ,'ylilllll'1"s Wl'l'!' ulltilllidly IIli~III'II, WI' still ,,1'SI'I'Vl"[
iI slip,ll1. IIlJ'"llifllrtliity ill tilt' finp,l'r pal,1.t-rlls, wl.i .. h was Illlt' 1." il llulIlIlIiflJl"mity of
l,llt' )!,1'p wi,lth. Frulll "Xlwl'il1ll'lIl.al m,'aS1l1'l'IIWlIls, W,' infl'l" t1mtl.lw llli.ximlllH I'ari-
ill.i"l1 ill gill! l.!lid'1I1'liS WilS l'ulIl-\hly !I,lIla 111lll, Uirt'f:L 1I1l'HSIl1'l'1l1l'1I1s illdil'illcd Llilit
Illt' insitl,' ,limm'I,'l" uf I,lli' outn "ylill,I"I' wa,~ IIlliful'llI 1.u lodt"l' l,hilH this, 1"11. tbe ill-
111'1" cylind"r with l'iltlius 1'1 =ao.'! 111111, whi<'h 11'1(S "st,d fUI" llll>st of I,ll<' t'xpI~rill\l'!Il.s,
lI'ilS sli,l!,hll,\' h"llrMI;,s.~'sliilp,'d hy Illoull1. !.Ilt' SIIIII" 1I111tHl1l1. T!lis ('11IlSl'd tlll~ lill,ll,t,!,
illlll'lil.1I11,' lu IH' sligltl.1y S1ll1l1l1't' ill LlJ." t'I'II1.1'rof tl1l' paUI'1'l1 rdati\'l' til LIIl' ..dg<'s,
,'\"'11 \\,11<',1 tIll' r.l"lilltj.'rs WI'W",S 11·"n ,di.!!,Ilt'd ilS p"ssihl<', TIll' ..Ifl,\:l of lhis IIOllll1li-
fUl"11Iil.y cu"ld lilli,\' Ill' "hsI'rwt! "IuS!' ttl llll' ollsd of tlw s1.i~1.illllitry fillgt'rill/o!; stall'.
\\'11l'1I "ul,\' l!ll<' (If tht' l'ylilltl"rs 1\'i1S I'lJtlltillg, TIll' 1,11'1'\'1. t1"l'l"l'llS1'\[ with innl'ilSilig
t.hidWt'sS uf LIlt' gill', Tlli,~ lIul1ullifurlllil,y ill till' ~ap thit'i,IWSS dilln,,1, S''1'!ll 1." 11iI1'1'
'"
all inll1wll<"I' UII till' Iwh11\"i"1l1' .,f llH' IIl'"kl'll·pal'iI.1" II':I\',,~ ,li,-,'u"",-,l ill ('II;llIh-I":',
FiA. :t.::! is 11 h]u,.k '!;,'F,l"illll Ilf till' '·XII,'r;ltU'lIl. Th,- "iI·ai,· ililiTfan' illullp, tIlt'
1"l1F,th uf til" apparat.us \l'ilS 1l1IllIiturt·d wit.h a ('('I) (<'Ililr.!!,,> n'lIl'h~1 d,.,"i,'..) ddt"
'",11111'1"'1 (1'lIll1ix. TjI..I-7CNj alld lIluliitor (Ilnrl,', 'I'('!!I[Il:\). alld dala 11','n' I"l'n'nl".1
fmJlll'spt·rs"nJlIll.
Im'Ij!;''S of till' inl,'l{iWI' l'1't'SI'nkd ill this 1.11(''';'' hal'" 111"'11 ",",Irast·,'nilillin'd.
1m!. afC'uthl'l"wiSl' 'll'lm""',;"I<,I. 1\-1"""'11"'111('111." "f1.II<' <l11'I,lil",I,·, \\';II".·I"lIglll, illl,1
tl'HvdiugSIll't"tlllfl.111' pllLLprl,s \\",·r,· ,lulIl' ,lil',·("tl.I' rru'll I,ll<' ,"id,-" lIl"nil"r. lI'il,11 ,Ill
iI'Tll,'a,'y ill till' 11",,;1,;011 11H'1I:;lln'ltll'lll.:< uf 1,111:< "I" mi'l'l:; "Ill' I,i.~,·], ,·"rrl',sl",,\,lill.l!.
to It,ss lhHll ±1I.:11t1l1l w111'11 l.Ill'],il!J.!,l·1' iUlll'r I·.\'lill,!l't" WI,S lI:;"cl. alld 1,,,,:< Llu'u ·UI,I
llLllI WIIl'11 till' sIIIHII.·r i'lln'l" ..ylill,h·1" was ItsI·,I. Th,' V<:U, w,' 11:;,·,1 "'Jlll,l"llll I,ll<'
vid,'" tilPI~ fl'illlll' by fnlllw willi Lim!' iull'rvll1 I/fill :<, 111111 W"li 11,,1'11 ill I,hi" 1111"1,,
lOllll'i1S11l'!·tlll'ilistalll.llIlI'f>lISSP''t'flofthl'tt·,,\,,'lillp,l'al,1,1'rIiS. 'l'Ill'H\'I'I'IIp,"sl"',,d
IiiII' thrullp,ll !.llt'I'I!1,lt·nl. TIlt' ill.lividliid lill" ilW'W'S w,·n'1.I"," ""lIIl,ill"d 1.11 Itlll~" II
sil.lAlt~ lll'(J-,litl1'~ll"ilJllill iIlJ;lp,,·, ill whidl till' ii-axis l"('I'I"I·S"lIt.',[ 1.;1111' Hlill 1I... ,,' 1I.~is
JlIISitiUIl. FOI' qlllllll.ill!1,ivl· allaly~i:< of 1.11.· illtl'l"fw'" ,Sl'lll)(', tI ... i1l1.o·rflll"· Iwip,lll, I,S
a fllildioll of J:, lilt' p"si1.ioll aluliK LIll' Il~IlJ!,I,11 "f LlII' I'ylilldl'l", WI'.S ,'xl.ral'l."d fl""llI
pix('[s fnUllllJ!,iwlI sl.ilrliliK poi lit.
III ullr l"I',sulls w,' sllldl on.1'1l ~nlll'lc,t1J!,Lhs I,y Lh.. ''If,'cLiv,' radius /I liS "XIJI""ssl',1
ill Eq, (2.1 ), whi,·ll dli1rad,'rir.,,:< lli,~ n,LI' "f d1iluJl,I~ of p,"p width ill llll' !I ,lir"I·tion
"s s!Jll\\'lI ill l'iK. 1.1. Fur tI", iuu.'r ,]'lillllt'I'S with r;"lii !'ill.'] Itllil illI,1 :H)i Itlltl, till'
,11
('/I;lp"'r :1. "\I''';I/·.''u.~ I:!
1"."'I ....·li\·..Iy. Tll;~ Ilk',Ill" lhlll fur 1111' lirsl l'iI,r .,r .·.\·1;11.1.·..... \\'ill. I,//( _~ Il.~IS. II,,·
:<.\'!'II'lIl i,.",·llIal1y r.,rlll'r ,.h..rl. AI' 11"•• 1\·illl'h"ll". I IIi" "lu>rlll''>'.~ l'r... III,·...II'I"I,II"'III.·'·,1
"1111 dr...·I,.. wllidl aht'fl ..lllw 1Iill"r.· uf II... lrilll",iliul1 ;,1 11... "11,;t'1 ..r lilt' "l.'lit~,.II".1
Chapter 4
Experimclltlll Rcsults w_th One Cylinder Rotating
III tllis dllllJkr, IV" ,I,'S,'ril ... tlu' ,lyl1lunit'ill I,,'lmviotlr u!tSt'r\'I'd wlll'lI unly tJllt' of
tIlt' ..ylilul.·rs ruLntt'S, Tltt· uil-air illlt'rran' is <I str<li~ltl lilll' lit lo\\' "yliml<'r r"tali,,"
sl,,~'ds. \¥lwII LIlt' "ylitld,'r sIJl~'c1 is ilwrl'lls",1 lu ."'11111' airie.. l \':.IIIl', tIll' sL1'Hi~ltl
I)It r "sp,'ri tlll'lIl.S th'll. tIt<' tt1,LIIt'l· ur til., transi ti,," rrum rIll' ,~Lrll;ll.ll1. ilttl'rr.H"~ t"
t.1t.· statiunary IHltlt'l'U slllt'1 ,l"pl'lllis UII II'lddl ur UII' "yliwll'l"s, illltl1r 01" ullt.,.. , ;s
n,l,ittiu,t;, ;,n,l illsu,I"]ll"lllls IlII tIll" dillll"ltsiunlt'SlI 1,'n~lh.ldU, or Ult"1yliuII,·r. Ili'n'
f( is till' ,'Irt"t'tiw rll,liu.~ "r tIll> ill'l"trilLlIs II,'IiIl.'(1 in E'I. (1.1), illld 11 is Uw 1"lIl,th or
tI Iollll'r .·.\,Iillll,'r. III "''''liUtl 4.1 Wt' pn'St'1I1 I'xIM'rim"ltlitl n'SlIlL.~ uhlitiut"llI'itll illl
illl r.·.dinll,·rUrri"lillll rl =:,.[1.'1 1II1Il. Itl'MlIll>iwitlL tl.....II!.t·r I-ylilltl,'rrutlttill';iln'
r"IM,rt, ..1in ",,,·ti"II·I.I.I. :ttulth,II't'wiUI tilt> illllt'r"ylillll"rruliltin,; ill SI..... liull·I.I.1.
s..·.·tiull ·1.2 il1.-[ml,.,. t'XIIt'TinwlItal nos.. IL"! ohlaiur"tl \\'111'11 a small'>r illlu'r l"ylilltll~r,
willo rl = 1·I.W. 111111, WilS IISt ..1. In sI'(-liulI 4.:1, \\'(' tliSt'"us-'i tmr t1xp,,'rimcnlill n'SlIlts
'Illtl n>lnpiln' tllt'1lI witl, lIu'lr,'li,·"I" ..lt:lllatitllls.
,1.1 EXpcl·illlcnt.lIlrcslIlts with rl = 50.4 mm
In tlli~ ~l",'l.iull. w,· 1>rI'~l'l1t, l,h,' t"l'Slllt.s ur ,'xpl"rillll'lll.s tlUlll' IISillP: 11 ',iMl'!" itttlc~r
".\'lillllt'l· wil.1t 1',lIliIlS "I = TllIA mill, fOl" whirl I lit" seilll'd Imlp:llt of llw ':ylilHh'l', ldfl,
i~ II.!I.", 'I'll<' ,'xlwrimt>lIlnl rt'SlIl1s wit,11 tile 01l1'1r t:yliml,'r rulillillp; 111"1' desl~rih('d ill
·1.1.1, ,111.1 llml wil,1t tIt<, illllt'I' ,'.\'li,,,I<'r rul.atill,i!; ill '1.1.1. Expt'rinwlllJ; Wt'n' ,1mit'
II
lI~ill.!!; oil A if Hut sp,>,·ili..,!.
4.1.1 Results with outer cylillde:- I'ot.nting
\VI1I'11 till' 0111,\'1' f)'lind,'!' mlnt"s \\'i1.h Uw illlll'l' ",dill,I,'1' tix\-.l, llw 1ransiti"" fr"111
obs('1"\'(',l willlill till' rt'sulllliull of 'JIll" ('xl,,·rinu'nl.. I,'il:,. ,1.1 sh,,\\'s l.I11',!t·\'\·l"l'll11'lll
of till' till,l!,I'rinp; patkrn \11 this ,'a,w. AI 1<1\\' mlnt.;,," I'ilks, till' llil·1Ill' in1.,· ..r:Il'" Il'as
ill aplWill',lIW", rOl'l111'd ;,lulII-\ lit.' 1111..'1'["<"1', ;'1' ill FiA. '1.1(1.) (llpn·('rI" = /"',,/rr is IIll'
ollL,~r ,•.\'lill.ll~r nlpilhll'y llumllC'r). Al <lIIS!'L I.h,. sysl,"IIIIU",'ulHltlwlal.'':< ill'l,rllsilll;i1.(".v
six linp;c'rs, \\·il.h thl' wHVl'I"ngl,11 illll"pt'luknL "f t.11l' li,)'n lhirkll<'Ss. l"illi\.,··si~.,·
,'If.'ds, nmsistilll!, uf 11 sli,ll,ht pilill,!!, Ill' "r tIll' IIlIid ,ll. c'Hl"l1 1'1l,1 "I· 1.111' 1IIJI';jl":II,ll~,
It!"l' \'i.~ihJI' in I.Il1' li/!,\Irt·. TIll'S" c'n,1 ..rrl·,·L~ h;,\·(' ;, stroll/!, ,·lr,.,.1. "I, till" 1,,·I,al'iulIl·
ilL th,' lmsd uf lilt' rill,l!,l~rillp, 1I;IU"rll, I'slwcial1y ill 1.11l"'l1sc' Ll,Ht tlU' illlll'r '·.vlilul..r
mLlIlc's, ilnd will Ill' disc:lISo'\l'c! ill dc,tail hdoll'. Th,' 1IllII'Iitud,' or till' lill/!."rs (i.,'.,
llll'il' 1l'IIp;tli) p,n'w rilpitHy lIS tlw l'OLalillll SI"'I',1 "f lilt' ,·ylilldl·!' was ill....,·lIspcj just
a!Jo\'e 1II,.~I·l (Fil-(. !J.l( .. ), h"l1.I,,,,, s,~ml"cll" sill.llmtl· 1I.ll,i/l,II,·r ruLlll.i"1l ra!.c·s. As
tIll' ril1AC~r 1I11lplitllclc' il1'Tc'asl~cl, the shapl' of llll' lill/!,c'rs dl;III/!,'·cl. V.'hilc· 1,11".1' lYC're'
I·OIlAllly sinusoidal dos,' to ollsd, ill. h;j.',I]('r l'Ot;l1.iuli ra1.I's I.lI1' paUl'l'll ,·,,"~isl.l~1 of
l1armw oil fill}!,l't";; 1'1')l1Il'1I1.1'(II,y wi,I"I· air SI,1I<"('S, i'.~ illllstml.,·,1 i" Fip,. !j.I(,I). IIi).!,.
'1.~ is II pillt (If l,lJl\ lillJ!."r ;1111]11;1.,,<1,' i1S a flilldiull or ""pillill'y '"11111":!,, (""'" ;,1. I.\\,,,
vnlul:S "r tllC' J!.iLp lhi"kllc'ss. '1'1,,· lI,w"rl"iJlty ill tl", allll'litlld,· is """ IIl1it. I,'null 11111·
lIlt'IISIII"l'I1I"lIls, w,~ filld tl,all.llt' ;'I11JllitllClc~or till' IH,Lkrll f"l" thilltll'l" lay,·!,s is I"r).!,'·,
thaI! that for thickl'!' lilyt~rs wlll'1l I.IIC' ':;q,ilb,ry lI'lInl"'f is \\'..11 "1,,,1'" ""1'1'1..
CIIIIJltr.r 4. EXJlr:rimclltal /lc.~lJlt.~ with One Cylinder Rotating
I'·'igllre 4.\: OCVclOjlment of the finger pattern formed whcn thc inner cylinder is sta-
tionnry while the Ollter olle rotates. bv =0.5 mOl. (a) Cn" =0.235; (b) Cn" = 0.312;
(0) en. = 0.353; (d) en. = 0.942.
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Fip;Ill"l' ~.2: Fill~I~" Hlllplililih' ilS a rlllWliuli or r;ll'illlll'y 1111111111'1", (:11." will, L11l'
illlWI' rylindt·!" sl;lliuuary. °111'11 ,-irt'l,'S: /4, = (J.ml:l~, (:"" ilw... ·;'siulJ,; s..lid ,·ir,.]'·s:
/Jo = 0.00211, (,'u" ,lt~crt';rsill~; IIIU'I1 lriall~I,,,,,: I~, = U.lHltIli, (.'1/" ilwr";osilllJ,; s"li,1









0, ,0 ..'0 ····~. .b.t.AC '~Q)






.. Q ......o.... 0 0 0 0 0
o
o 2 3
Fi~lln' .I.:~: I'Hl.lt'l'tl w;lv,·lpllp;1.h ,\j N liS a fUlldioll of Clio, fur tJll~ SI(111(> lWI) ];~y(~r
Ihit'kllt's~'s ,IS in FiF;. ·I.:!. '1'111' l'llfVl'S an~ clIl,'ulnll't[ lilll'al' stability hUllutlllri('S.
(~il'<'1.·s: but 11 = n.lHl:!·I; I rillllK11's: I~llU = n.on·lli.
IS
lIurnlwr at tilt' ""m,' \,w" ~al' Ihio'k11l'lls ~s ill FiM. ·1,"1. III ll.i" 1;l:,ur,', 1':lrl "ftlll' I,,\\'-
wa\'I'h'll~th portitlll "f tl,.. l'ilklll,.I,~llillt'''rsl:,hilily 1'''II,"li.rr, "huwlI in Fi~. :!.I, is
l.llIlJ pluu,...\. Tilt' :<lrai,,111';lIl,'rfiln' slnl,- is "lillol,' ull tlt,'I,,\\' C".. si,I" "f 11". n.r\'o's
:<Iilhilit.\' hllllllllar)' "lin',,:, 1001l'k III l1i~h ('" "I IIIII;!. W;\\"I'1I'1111.' h. i'S in Fi,:.. "!.l). Frt>lll
spl'{'d", This in;lial illl'rt'lIS" ill wH\,I·II'IIp,1.h i" ill I1l1.n"'IllI'n!. witll till' "XI'I'l'illll'lIl.ill
r,'slllt of (:11111111iIIS ,'t Ill, [K'I], WIlli ""AA,..~l,',1 I.lwl it. WilS "HIISO,,1 1'.1" J:,l'ill"il,;,li"llill
furn'll "n LIlt' IIll'ui""Il". \\',,11 1I1",v,' 1111""1., till' nll'il"1/ro~1 lI'ill""I"lIl:,llls f"lI"w I·,'ry
II" t.u tWII or tim'!' lillll'S llll' 1I11S1't :<IM'!~I, till' lillll,l'rill,l!; I'i,tkrrr WilS sl:,ti"I101T)'
fur n-11l.1i\'dy lon,e; pl'ri,t/ls "f 1illw .. lip tu sl'\'l'rill II"lIrs, Fnrtlwr ,,1."\'1' "nso't,
llll' pa.l.h'rn 1)I~1t1l to Iw IM'rlurlM'!l!.y ,listllrltall''t'S uri"iulltill1, illtl... "lllls ..f L11l"
ilpparat1/S, whi,·I, "'IlISl,,1 transi"lIl lI1uLiulI uf L111' lill"I'rs 'lI'ilr tlll' I>wm,IOlTil'll I"
IM'rnr, IUlIl III sp, ... sl:< "r "r,I.,r [II lilllt'S til<' ,lIIs,'t sp"..1 tI... 1'1I1I.I·rll \W,S I'S.'i<"ltiillly
IliSllnl,'n... l, with llll' lill,!;,'r iltlll'lilu,I" v;.rY;lIA ill spl,n' il11,1 lilll!" illlli tIll" lilllo;"'~
1l1UVill.r; "IJlltiIlIlOIl"ly ill II ,Iisllnknsl f"shi"".
dlw lo il11p"I'fI',:li,,"s ill lhl\,'xp,~rillwlltill W"JIllt'try, illl"i'lIlillll.l",tlr vJll"iati,,"s illll.i1p
lhil:klll'sslInri till" lillil,' 1"lIlo;l.h url.lu'I·)'lilldlT. AI .. ,\'" L11l' ""lIl"I",1 !'l'lI,illll,l1wII,I"l'lVtlr
of th" fill!;"" iUl1l,lil'lr"~ is sll'l'l' I'llt nJlltilillulIS. If til" 1rill1sili,," 1V,'n' 111'S,... il"..II,y
I' (;ill<:lmr,e,·Lllllfll.ll '~I'lilticIII, til" illllillitll,l,~ 1\'lIul,1 All'lV i.s ((:fI~ - (:'lrJI/~, wlwn'
(.'11, is till' lTilil~I,I, OJ' ullsl'll·"pillill'y 1l1l1l110l'T. lIo\\'I'\'l'I', IIts of Illnplitllll{' vs. ('fl"
dil1.;, 1.0 il sirllpl,' P"I\'(~I' 11,\1' of I,IH' f"J'1Il II '" ((:tt,,_(:/le}r. wlwl"l' II is tIll' 1I1Ilpli1.lld,'.
W,vl·I'XI","(·n1.s.r. ill t1wrall).!,I' n.I-II.:.:!!;, willl1.1wdil1.11 fur tilillll<'r lil)'l'rsill).!,I'IIl'I·1I1
~ivill~ till' sll1al1,,1' '~XPOIl('lIts, IlIld 1,1ll' ,1;,1.11 IVI'I"(' lI"t plll'tklllllrly wdl d(-s"I'il'l',II,y
"lIs,.l, ur til<' lill~"I'ill~ l'al.l"1"1I fOI',lilf,·rt'II1.),\'II) wi,lt.hs, 11<,1'1', ('ue \\·..s d('lillt,,! m; tlu'
<";II,il1;,ry 11I11111>1'1" ill, whi"h til<' 1I1111,li1.lI<h~ ill tlw CI'lItt'!' of tIl(" I'altl'l'll \I'IIS two pix(·ls
LlIl' smll'd OIlSI"I, 11I;[\",1"11),\1.11 ,\"IN, \'s. !Jill//.. Alsu ploHl'll ill Fi),\s. ,1.,1 alld '1. ...'111"(·
llw 'lIIsd "apillal"Y tlllllll",r all,1 S<'lll(,d wIII'd"lll-\tIJ fur ,,1.111~1' I'Xp('rillH'l\llll sitlli\lilJlI.~
to lit' ,[i.~l'lIss(',1 )1('11'1\', ,,",1 till' nO:;lIlt "f [illl'ill' stahilily allalysis, showil as lillI'S.
I''nlill FiA. '1.'1, 11I1' lililithal till' ollsd l"apillllrY 1lllllllII'rs ill lhis <:;ISt~ l,l't' dust,to tlll~
l"llle-lIlilt!'11 ""I'S IIlIly ill \'I'ry sl1lall ),\1111 width. (.'(1,- illl"l"('IIS1'S 11111("11 f"skl' willi P;ilp
wid!.!1 thall ,h~'S 1I11' th'~'l'l'til'i11 ':lIn"~, til<' ,lilf"n'II'"(' ]'l'ill),\ Illtuul. II fadur uf liI'I' fur
,l A,I!, lI'idlll "r I 11I1ll. In additiull, ll11~ ollsd wllv(·h~np;1.hs Hn~ 1I1iwh IUlI'l'r thHll 1.h,'
tI\t'ordind 11I"!'llid.ion,~, liS Sllll\I'1I ill Fi,l!,. 'I.!;, Tht·S(' f,'a1.11I'I'S of 0111' n'SHlts 1~i1ll ,.Iso
Ill' l;l'Pll ill FiA, ,I.:\.
01.1.2 Results with inner cylinder rotating
\V.. ""W rOllsidlT \.111' n,SI' \I'lli'll tlH' ""lIA lIllI] radius illlll'l' cylilLd"r rutllll'S, wilh ll!.~
"111\'1' "ylilldl'l' liXt'l1. TIU' I>dlilviolll" w,' "hSI'f\'I'11 is sigllilinlll11y dirf..r"1l1, ill this "l1SI'
rrum 1.hat <!,'sl-ril)(',1 allul'l', wIll'!] 1.111' tllllt'r l'yliu,1t1l' rulal.('s wit!1 tl", illlll'l' cylilldt~r








I~igllfl' '1.'1: Ollsd l'al,iIIary 1111111101'1" nIl" 1IS 11 rlllw1.ioll ur tlll' dilllt'lisilllll.·ss W'I'
thickill-SS, I'll/H. S'llIHrt'S: IIlll,~r "ylill(I(~r ruLa1.illj.!;, Iii).!,).!;,'!' 11111('1" "ylillll"l" slilti"IIHry,
nil A; h"XilP;UtlS: higgl'I' ilillPI' "ylilld"r I'"l;d.illll;, "i! Hj "in:I"s: l,iAA'~f illlll'r '-ylilld,·1'
rullllill~, uil A, (:(1; illl:r"asilll;; IIjJIV1U',I·p"intillll, tri'"Ij.!,I,'S; IJiJ.(.l('~1" illlll'l' '-ylill<l'<1
rotating, oil A, (:lli d(~, n~asifll(; dillllluw]s: 0111..-" "ylill,]pr ful.a1.illl-\, "il II, slllali iIIIU'l"
,:yli 1l(1,~r Sll,tiullllrYi ,100YlIlVilrd-puilllinl; lri"nl.!;h~s: slIlHIIN iUlwr ,:yliwl"l' rola.lill!!" uil
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thickness bo/R
Fi/::Iln' ·1';,: Ilil1lt'llsilllll,'ss I'lltlt'fIl wi~\'dt'l1KLlllltOIISI!!., A</If., Il-~ II (1111CLiull uf Ili-
1I1l'lISiOllh'ss P;ilp tliit'klil'SS, I~,III. Solil] cirl'](,s: "hul,·" s\'pa1'1lLioll al. 0llSt'l, hiMP!"
111110'1' 1',Vlilll!l·l' ruLatill).!;i UIH'II firdl~: ~rillpll''' \\'avdl~llgLh, higgt~r ililler l~ylil1{lt1l'
rotatiliAi S'lll1lrt'S: \Jull'l' ('ylilldl'l' Hllillill~, l1iMl'!' inlll'l' Olll' statiollary; diamoll(k
"111.,,1' ",\'1111.1,·,' rul.atilt).!;. :11111111('1' illll<'l' t~ylitllll'r stationary; IlpwlInl-puiuting lriangl,-s:
slllalh'r ill1l1'l" '".I'limh'l' ro1.atinp;. TIll' sh\lrt-di~<;llt'tl lind (lott('(l Jilws 111'1' tilt' llwurd-
i..all,\' 1m'tlil"it'il UUSt'1. w;lVl'len,e:l!ts rm tlw short- ,HId lUllP;-IV;l\'(~ll'lI~th illslahililips,
as disrussl'd ill (:lwp1.l'I':!. '['III' IUl\~-dHslll'\1 lilw fl'prl'SplIl.s !.Ill' 1('ll~th of tl11~ higg(~r
illlLl'l"c'.vliIHII'r. ,\lll'XIH'riItU'ILI.,d lliltil ;l1V fur uil A.
(.'1/; = Iwi/fT. Tht, ,,11."t'r\·,,! h<,iI:l\'iullr is illll:-Iri,h'ti :-,..hl·lIlalir;,lly ill Fij.:,. I.l;,
\\"Ilirh i:- tilt· Ilylllllllit'lIlphIlSl' ,liilJ!;rillll for tllis l,iAA,'r illlwr 1·,l'Iil"I.,r. As h,'fun', III
\1'ry low Valllt'!i of tilt' ill1wr f)'liu,Il'r l·apil1.,r.\· 1lll1ll11l'T ('''., lilt' uil·:tir inll'rfan' \\":IS
JilTaigM. As (:'" in'·TI'itSl't[. lilt' fllIi.1 IJill'll up lIt'ar til<' l'I"ls ..f tltl' ,·.\·Iiltll,'r, <'aUJiill~
tilt' lUt'niSl'lIs h, mll\'t' fUTw:ml tllt'r1·. ;nltl ,IT"I' 1m,,!.; ill lilt' ... ·I1 ..·r p'lrl "r 1l1'I,aT:lllIl'.
;IS ill11stratl'tl ill Vip;. 'I.i(a), \"h"11 lilt' mlaliult sl"'t',1 \\';lS i,wn·;tS',.lt., iI 1':lrlin,lllr
('11l1 wlll'rt, ~II<' '·llrv:,tllrt· wa:- ~rt':I1.<'lil, 11:- SliulI'll ill Fi~. 'I.i(h). For tllin uil [:1.\"'1':-
(IJu/1i. < O.UU:H) 1I11' H1111l1iltllll' "r Lllt'.<;(· hul,'s ~n'\I' ("ullliIiIlUII:-ly Ill','r;, SIWllll'illl~" lI(
rlllaLioll I'pt~',I, tlWll, at stHll'- nili"al valllt· (.'u,., jllll1pl·d di",·,,"1.illIlUIl:<I.I' lu a lar~('r
V/lIIll', rt~l1ltill,ll; ill til<' l'lIUt'1'1I ,.h"wII ill Fi,e,. 'I.i(,·), TYI'i<'all.\· (,lit' jUlilP lI'ulild ","'UI'
'Ittllll"'mllirsL, IUI,I at tll\'o1.l,,·1' "1111 III, a v,'ry,.li~ht.l.r hij:,II.·I·I'\,I,ati\lIl slu't'tI. l'lllll,,'
ildtillljIll1l1'I·.11l1.lu.:nlTat.·itlll'rt'wluftlll':\I'II;Lr.LIll'. mltl 1I1l."..-asi"ll iI.1IaI'1"·III·,1
lit loolll t'mls 1_'l1ti"lIy l'imlllllllll,,"sly. Ann this JUIl1P lilt' 111,11' :1I11plitud,· :'j:,:lin
"n'w COlllillllOllsly for II small 10111.1;1' U( ell;, 1tlllil a tilinlll"l,' S"Il111Ic'nly rurllll'ti Iwar
t111l middll' of Uw gap. itl'rumpanil'tl hy :ulUlIu~r jUlllP ill ;1l11plilll.I.., Tllis I'I'....,-ss
r"'l)<'lIl<..I;(." (:If; lVas rurll,,'r ill<'rl'1\SI'C1 (Fip" -I.if,I». ulltil Lluor.' lVI'fl- "l'l'fuxillllcl"ly
l'ix holtlS (ur livl~ lillW'I'lI) in lilt, lILI'nisl'us, llfu'T wilidl lill,.. til<' rllrLI... r ,'vullIliun "r
lilt' lh" plltlt'rn Wit!! nllllill1lullS witililllmr I'XI"'I'illll'llllll nOSl,llllil,ll. 1:lus"lt, '1II~'l,
tI", llilUl'rtl "ollsisll'tlllf "ruiltl uillin".·ffl SI~I':mll<~1 I,y Sultll'wllilt narruwI'r :Iir 1.../,.,.,
/I." ill F'i.e;, 4,7(1') allll (el), AS'I'i W;IS il1l:r<'a:>t'II, I,,,tlt lIu~ Ivav,-II'IIp,lIl :111,1 till' rl'lHliv,'
witl~11 uf tlu, oil Iillp;m'S tll~.:rt~IL'!I',1 (Fi,ll;. ". 7(, .j), Al II il-\Iwr IIp.·.·,ls, L11" "il lil'Io\"l"s \Y,'n'
llw a1l1plitllfll' ill litis 1:IISl' WHS siwlilinmlly InrW'l" (FiA. 4.7(f)). Oil dl"orl':,sillj:, (.'lIi,
hysl.·rl~i:- IHIlI jlllllPS ill HlIlI,litlld,' IWI'IIlTI'11 "s.~.H"iiltl'fl witlt til" ,lis:'l'llI'ill'HllI'.' ,,(
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thickness bo/R
[·'ij.\lIn·.I.li: ['[I'IS" ,Ii;l~l"lltl illllsll'atillg till' Iwh,\violll'uhsel'vc,[ when tin' hi~ger ililwr
l',vlilld"l' I"utilil''; whil,' till' (Jult,r l:y1illdl'1' remains lba·d. Tlw iullinl ;\II)}('ilmnrc of
litl~{'rs is (1i~l'ulltillIlUIiS fill' 111il1 layl'I''; (soli.) Ii Ill') lill') l'Ol1tinllUllS fur thkk{~r ['lyers
(,luLl,',1 lilw). TI1l' disnnl"rl'fl stall' ,·xis1.s illsi.l,' tIl{' rq!;iull ddill(~d hy tlll~ daslll'd
H.U's. allil ,,11\,\'(' this I'q!;iull is 1111' trawling Hilger stilt."
Figure 4.7: Development of the finger pattern formed when the outer cylimlcr is
stationary while the bigger inner olle rotates. !JoIR =0.00211. (a) Cai =n.:J5:1; (b)


























1"i~III'" .1),: Filtl!;<,r <llI1plll,II<1,> <I._ a flilldiuu or ('''i ,-I<lSI' tu "",,d. llulu =- n.uu:!11.
Op"l\ (·ire!'·,;; ('''i illl'rI'~I"ill.u;; sulid ,-it'd,''': (."1; d'·''l'C'il"ill''';. 'I'll(' Iiystl-I'l'sis is ddilll,,1
1,,\" 111<' tliIJ"col'l'lll'\' 1H'1.\wl'lI 1,11t' ,'"pillar)' 111l1l11lt~rs Ill. 1\'11;"11 1.1l<~ lirs1 huh· 11l')Wl11'S alld
I Ill' last 1'01.- tliSilppl'ilrs.
tl'rn. AI I'adl "1'1~~II"j, II'" wail''llul' I.. ",'I'I,t"II'''lIn< I...r..tt' t< ..·"nlill':' II... lin,:..·t
itl1ll'lilml,', alltl ilt lilt' disnmlillllull" jump" wllt't<, 111<' lin<1 h,,[.. :'1'1"';11' ..1 nr 111l'
lit,,~ h"ll' IliSitIII)t';ltt~1.WI' w:lit...II1Klft, Limn 10 111I1It2t I" 1'lI"nn' 'hal lilt' ".1'''10'111 h:,,1
n'laxI'(1 ~t1 II sLI,itoly IIllt1o', ('11""1' I" lilt' "n"l'1. IIII' "h'[1 ill ". lodl\"~'l1 1I1"lISUt"II"'III"
\\':'S 1J.u..~ 111m/II, whidl l'uttl'Sl'ullcl" lu ,I sh'p uf n,UII:!'.! in 1';II,iUl,t.\" 111I1lI1",r. Al II...
11i.e;h-(:" l'll,1 t1f tl1l' 11}'''ll,rt'Si" l"ul' ,,11,,\\'11 ill Fij:,. 1.1'1.11,,' 1.1l1ll'rn "'1I1.,i".... I ..f r"ur
11\"'1" lhis r<1l1j:,1' ur(o'l/;,
Fut lay,'r.~ wil,h l'uIU > lUI11;~'1, tilt' 1,I,hilvi'J11r \l'ilS Ih,' "aliI<' III' I., 1.1", [",illl
wllt't<, tllt'rt' W"I"I' ttllI~llly lil'I' Iill~"n< ill tl", l'aU,'I'I1. At IliJ:,lwr WI,i1li,," "1"·.·.1,,,
till' stlll.iullitry l'aUI'rn 1.111'11 lu~t iL" I..rt-ri~lll. "y'IIIIII'II".\· itll.1 tl1l' liuJ:."rs 1.. ·~:1I1 1,,,
,Irin ,11"n}!; tIl" II'lI~tlt "r tilt' i1l'lli,ratll". TIlt' drift .lit,,,·1 i"n 1'11:1111:., ..1 irt"<·~Il1:,r1.\· witl.
tillK" it" Ilillllll' Will,..II'II,lttll illIIl t<'liltivl'wi,lth "ftlll' lill/.:I·n<. Tlti" .lil't,r.I,·n..1"tilt.'
ii'l ilhli'lttitlnl ill Fig....!I(it). 111111 Fiv,.. ",!J(II) i:< iI :<I"WI"th,lt· I'I..t "f Uli" :<1.i11,I', 'I'lli"
"tall' IK·r,;i:<l.lod u.....t it titllp,I' "f (.'IIi. "I",\~' thi" rilll~" tl ... l'ilUI'tll iI,r,aili 1""';111,,'
tJ"lt'n~1. hul rUl1:1i"till~ IIII\\' uf itS)'II11lldti<- tta\'I'lill~ lill,l!,"n< a" ,,111I\V1I ill l'iJ:...I,!I(,·),
.11111 in it spm"t,-tim.' Illut ill FiR. ,I,!J(.I),
FUf laYl'rs witll ,~"II> U.lMMH, tilt' 1",II;tI'i'lIlr ilt llll' I r;msil j,," fl'''111 lilt· str;.i.l!.111.
1Ilt'lliscll.~ ltl 1111' lill,l1,I'rill,l1, ~t;,tl' wa" "itr1ililf ltl tllll! d.'Snil .. ,,1 ill tl..... ro .. ·.·oIiuJ:.I'ilI'il
}if/'I'h, 1';<:n~l)t lltllt tl", alllllill1tlt~ or "aO'l1 lil1J:.'·[" (ur 1t,,1,·) "OW J:.r..w nml.illll"""ly,
and 110 llll1ptitlld,· jUllIP""I' JI'yKLI~l'l'Si" \Vt'rt' ol,s,~rv,~ll,loIlSI'l, ilS SlllJWII ill !-"il!.. -1,111.
lIuWI'VI'l', 11 hy"lt'l'l$is tUliP Wil.~ "I,s<~rvo·,1 "buv,' IIn",'L, wllt'tl 1.I1t~ 1,;,Hr'I'11 '·"'lsi"I..·d "f
l\l'., fill~ers wllt'li (:lIi \I'iI~ illl'I'I'i1S,'r11111rIllll"t~'1illJi"r"WIIl~1I (."'. WI'S ,11·''I''·HSf~1.
FiA. '1.11 i,,;, 111"t"flillAI"';'lIll'lil,lId";I";' fllrwliOlll "f(o'", f"rtllO's:trt", tw"la)"'f
Ghiliitcr 4. gX/IcrimclJtll1 Rc.,·uJts with Duc Gyliuucr RO(lItiJlg 51
(a)
(b)
CI1;1flLcr 4. Ex/X'rilll('III.,1 I{('S.,/tll wit" One Cylill(la Ilulollillg .'is
Ie)
Figure 4.9: (a) A typical pattern observcd in thc disordercd slate wiUr lIrc higgfir
inner cylinder rotating. bolR =0.0041, Gn; = 1.283. (b) 1\ space-timc plot showillg
the pattern's motion ill the same state. Time rUlis from top to bottum iLild Lllll
figure cove~ 48 s; Ca, =1.027. (c) Fingers in the lravding slale 1111,t 1t11lwars aL
speeds above the disonlered stale; Ga, = 1.'197. (d) A tip:lcc·tirJll: plot. of LlIC iIlil../rll1
























Fi/-:lln' ·1.111: FitlW'I" iIlllpli1.wlt' liS il fllnl'l.jull of (.'(Ii ilt ollsl'l ilt buill = I).OO-Hi,
wil II tlH' hiAAc'1' iUllt'l' ('ylilldl'r lISI"!. 01'1'11 dITh·s: (.'11,' illffl'i1S;t1P;; solid {'irr!c's: (.'(li
,h<tTI·llsin.c;.
(ill
Fip;lll'l' 11.11: Fiup;I'r alllpliLlldl' 1l~ a fllW'liutl of (,oni, for till' ~;'1Il" I.wo n'~l'!i as ill
I~ig. '1.8 aud '1.10, lJ1lt 0\'1'1' a I'lrp;l'l" rallAl' uf (.'fl;. (:ird,·.~: I~,/ Ii = IUlU:.!,I; 1,l'iall).',lf~~:
I,u/H. =O,rW,l(i.
Ii]
tlli"k'll'SS"S as SllllWl1 ill Fiv,s. 'i,X 1111,14.10, Till' l'IIIIp," (1\"'1' II·hi,.], tl((' ,lisol"<l,~rt',1
stilt,· ,1,·slTil,,·,1 1,1,,1\'" I·.~i.~ls (or ll", lhic'k,~r ];1)"'1' is illlli'~llt(',J by till' short dou".l
lillC~ ill Fiv,. '1.1 l. AI"'\'I' tllis l"Hllv,", UlC~ paUI,rn nmsisll',1 "f l,l"ilwlill.ll; lillp,!'I'S. For
LllI' 1.Ililllll'l' IlIy"r S!luIVIl ill Vic,. 'l.J I, till' ]llltl"rn 11'111" alwll)'s stalionary. Not!'
I'rulll Fi].\, 1.11 Llll'1. tl,,· Hlllplilll<l,' fur tllC' tllid;"r 111)"'1' wdl alm\'" O!lS"t is 11Irw~1'
1.III'l! thl1.1. for til<' I.hillllt·!" lI1YI·I'. III 1"t1ll1.1'i'St, ful' 1.111' n,s,' wll,'l'c' 1,lll' c>1Ikr "ylin,I"r
1'"1,;11,,,:<, illll:<tr"I,,',] ill Fill,. 'I.::!, tlU'llIllplitll,II' for (,h,' thi"k"I'III'y,'r is IllwlI)':<sllIall,·!".
1\1" with L1". oul"r "ylin<l"i" dl.l1l, till' IlIllplitlld,' ,Iatll 1\"1'1"<' nul 11'1'11 ,I"snil,,'d by 11
.~illlJ>II' POWI'1' IMI', nor t.y liLs tu th!' (nllzhlll'v,.Lmlt!'\Il "lllIillilJll fur a 11111~k\\'lIl'ds
(,lis""IILiIIIIUlls) l,ifIIITHLiuII.
Fi).!,. '1.J:l is 11 plut or tIl(' wi,lth "f lIl" !Iyst"n~sis 10UI), 6.(.'1/, Hssue\lllt'd with
I.Iw "IISC'!, alii I filial c1i.~aPI"'lIl'lIl11·l· uf till' lin,!!;"l's. This wi,lth Ims 11 Illilxiltllllll ft!l'
;, ';111' wi,lth ..f {~J/H "" U.lIIJ:W, drtJfJpiuv, tu z,'l"lJ fOl' till' thillll,'st ';1'1' II'!, sllldi,'c1
(I~II /( "" 1l.IlU0:l1) HI" 11'1,11 liS fur I~II Ii :::: IUJ1l11j .
III adlliti"l1 l.u tit., 1111'1\" hol.,s II'hidl IQ'I)('II1' Iii, tltt' 11Il'llis,'us, II'!' "Iso u],s'·I'Vt,.1
,I slIllill IIlllplitlllll' "I'ipph'~, sililisuid1l1 ill Ilppt'ill"illll"l'. III layC'l's with O.OOo!Jfj <
'~II f( < II,(IU1!J I.ltis ril'pll' ill'p"lln'll III rul,\lioll Slll'l'!ls alllJI'" tllus,' at whil'll tIll'
hul,'s "PI,,'n,,'d, Iml in llti"k,'r lay"1"S 1I1t~ ripple lIPIJ('III"l~cl first. Auy pu.~sihlC' I!.mwlh
IIf 1,11l' ril,pl,' iul." lal').!,,·r 'lI11plitll,I,· fillp"'I'S is 'IJJI!ill"l'1I1,ly prt'-"I1II'I,,~IIJY lltt· ).;l'oll'lh
\VI' IIH'IISIIl"l,,1 t,11l' ""pill"r)' tlllllllH'I' al llll' Oll:<d IJf tll'~ finSt'rinp; lmtkl'll ilt <lilf.'l'-
I'llt.!!.,,!, I,hirklll'ss,'s. as show II ill Fi~, -1.1. 11"1"1' 1.111' 'llIs,'t \VHS ,lcdill<'lla.~ llw <'"pillar)'
11111\1],,,1' Ill, whidl tin' Ii"sl, jllllll' ill lin,!!;"l' illllillitlld,' ()I'{'lIrl"l~1 wlll'lI I', was illlTI'HSI'd,
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PiJ.!:III"I' '1.11; Wirll.h !If tIll' hy.~l,·rl'sis I,,,,]> 'tsswial,(·t! wil.lr LIII' inil,j;,1 "1'1"·;'l"al)...·
awl lillld r1i!'mflll"Hralll"l' uf tll1' lill,l.!;I'l"S wilh till' l.i.l!J,!;,·r illlll'r ,",ylill.ln ""I.i,tjll~, i1.~ I,
rllllClioll of 1~,/Il.
slahilily Hllillysis.
'J'lw IJllsd lI'a\!{'Il!IIAllt.~ aTl~ Pn's'~lIll~d ill Fip,. 4Ji, wllt'TI' til(' opl'n eirdl's rqHI,St'lil
till' 1I"'Vdl~IIAI.Ii uf 1,1I1~ I"W'Hlllplilll,I,' l'iIlPh~, awlth" soli,II'irdl~s slllJw th" r1islHlICt>
,I('filll~d loy till' Sl']lilr'il.lillil of lIll' lir'lil l\\,(/ I'HI!;"·il1111'Iil.lIlh' hull's. 'I'll" \\'HI'I'I"lIl;lh
"f till' ril'l'l<' sllows III' syst"llliLlic vilriaLioll - but a fair illl1UII1l1uf Sl'illl<-r --- ,IS
till' AliI' willtll is dlilll,I:,I"1. Th" sJlil<~il\g l"'lw"'~11 lit" lil'sl two h,,1,':< is ,:ousl,allt ful'
'~I ~ n,:\ 1I111l, tll"ll d",'n'ilsps with illn"iL~illP; P,"I' thi"klll~S, aplwHrillg lo Il'vd oif
il/!,iLill f,,1' liIl'}!," lhil~k11l~ss. TI1l' ,lislilIH~I' hdw""ll tlll~ first lwu 11U1,'s is larA"l' Lhal
si\l"',,f til<' sysl.,'rll r".lIll'r tll"l1 illlY fllll(lallll'lltal sndl'.
W" al.~" l"'rfomll'd "Xp"rilllt'lits miliA till' murt' Vi.~"OIIS oil H, ilnd 1I1'S1'I"\'I~ll tIll'
Sl111U' lu'llavilllll' liS ,1"SlTil"'11 111"11,',, wlu'u till' i1l11l'r '·yliIHI,'1' I'Ulill"ll, Till' hyslt'I'I~sis
was Sllhsl1l111ial1y SIII,!II,'I', illl,hllllAh slilll'rt~S'~IIl.. \NIH'1l 111" (Jllll'l' ,~ylitld"r 1'IIlal,·(I,
1.111' 111'I1aviul11' W1LS l.lw SiL11It1 liS ,11'S,Til,,",1 ill sl'diull 4,1.1, '1'1)(' 111l';ISIU'('11J('1I1S of til"
oV,'rllI]1 1.111' dil!.a f"r lIil A l'Ssl'lIlially p"I'f",'lly,
Fi,c,. '1.1:\ is a plo!. uf srid,·,l wi\vl,I"I1,c,tl1l1S 11 flllLrli"lI ur ,'apill;lry 111lI1lh"l' for ..il
A. wilh till' ill11l'r ,'.vlilllh'l" rol,i1lill,l!; iLlllw SiLill" Aill' lllil'klll'S.SI'S as ill Fig. ,I,ll, TIll'
,c,aps ill till' 11;01,11 just lIhUl'I' 'JIlSt'l ,:()rrc~plJl1d tu slltldell f111U1I;I'S ill Witvl'1(~lIAtli tlmt
"'TUI' wll1'll iI II('\\' 11"1,, fUl'l1Is, TIlt' llll~d is suhstllllli;dly tlday<'<! fr<>mlh" Ul('or<'liral
pn·,lir1.iolls, as ill 1.11<" ,'i1SI' 11'111'1"1' till" llllkr "ylintll'r rolflt,~. 'I'll<' shorl li"rir.oIl1iL1
doH,~I1iIlt, ill,li"at"l' l1w rq!,iull 1I'1H'1'l' 1I11' 1'1I1,l"I'11 is dis,",t1"I'(,d fOl' llw thick"r h,y"I',
1\1",\·,· 1,lIis WI!' llw 1'111.1"('11 rllilsisls of dl'iftillp, IISYlllll1<'l.ric' Jill!!:t'rs. \V,'I! ahovI'
IIIISI'I" till' W1l\'('I"l1,c,ths for 1111' lhinrLt'1' h,y,'I', wlH'rt, lll11 piltll'l"ll is stalionary, r..HolI'








































Fip;lItl' ,1.1:1: !'ilUI'l'll WilVdl'lIgLh >./If. <is 'L rlllWliuli or (:"i, rur till' Silllll' n,s,'s
as ill Fig. /1.1 I. T1ll' illst~l slllJlYS tIll' 1V1lVd"IIJ!,LII d'i'llj,(t' d'J.~t· t" 1,1,,- I,lls,-t r,Jl'
1101 Ii. = a.OO:,!II, 1'0'111'1'1' tilt' Ilysl.,... ~~is t'xisls.
Ci.'i
L11<~,rdi"ill.~L<lltility f,ollll,llIry.
10'1'''111 1.11" ..Ioov" ,h~l"TiI'LillllS, Wl~ (ill,1 tllill lILI' lraliSiLiulI ilt llll~ (lllsd uf 1.lil~
.~ti,Li""i1ry I'IL1.1.I~1'1i is sllf,slilutially dilfl~rt~1l1, frolll tlw llll~lI'dklLl I'Xpl'fta1.;ulls, WI'
IJl'lil~Vl~ 1I1i1L this L~ "1LllSl,,1 liy IHum,li'ry drl~d..~, sinn' till' sl:ided 11'"p;1.1i fur tliis ;I1I1\'r
"yli,,,I"1" is \Jllly 1I,!IX. T.. 1.1'Sl I,his !I,YI",tlll'Sis, II',' Il~,'d il smllll"I' ;lllH'r ,'y1illllr~r, fur
whic11 1.1ll'sl"al,'d 1I'l1A1.1i is .'''-!l7. TIi,~ n'slills IH" l"\'purk,1 ;n tilt' Ill'xL S\'clioll.
1,;', EXllcrilllelltnl results with 1'1 = 24,85 mill
III t.his s,~:tiol1, I"l'sTllls uf "XIWrlllll'lllS r!Ul1l1 w;th ,Ill il1l\(~r l'yl;l1,lr'r with 11 radills
1'1 = :H,X" 111111, IUIlI s'"id"III,'IIAth ld/l = 'I,U7, 111'1' prl'SI'II1.,~1. All ,'X!Wrillwn1.s w,~n'
,1"t1I~ IlSi11A oil A.
H1hl'Il LhissI11111h'rilllll'rl"ylitltll'rwaSllSl'd.wI1fullIllltlllllth"trl'.l1sitiull frolll tl1l1
straiAI.1. illl.l~rflll"l· til 11((' staLionary Pil1.1.l'rIl stilL,' WilS c011tinuous, Hlill no hYSlr'rl'llis
\\IilS ohsl'rvl'd, no H1ll1.L"r \\111;,.]1 "ylilllll'r, illtl,'r ur oll1.p.r, rotiLt.~~. The slationary
lJilU,'rn IVilS s1.iLl>k tu hip,lll'r rotillion Spl,(,tb UIitI1 wlll"ll tIll' biAAl'r illt1l'r c.vli11d,~r
W,IS lls,'d, Tit" disordl'll',lllnll 1.nl\'l'lillA lillAl'l" statl'S d~'sl"TilH'd ahuVl', \\Ihidl c'xist
.1.1,1(11) lind (b) lIl'l' plots uf I.IIt' S1"1l11,d wn.vdl~nAth VS. capillary 11111111)1'1', ami LIII'
I'ylint!n ro1.iII.I'S. whill' Fip" -I. I:;(il) iltlt! (11) are till' l:orres]lOlllling pluts for tIll: il1lll'r
"ylilldl'\' ruta1.tIlA_ [n Iwth 1'1IS,'S, thl' 111111)litlld,' \If tlH' ling!'!' grows rapidly ilS tll\~
riLII's. W"II .. hm·,' U!lSI't, tIll' tllkk,'l' lilyl'l' IIIIS lal'~t'l' Iinp;'~I' iLt1lp1itll,I,· l.hml tltL'
thinlll'r la.I-'·)' WIWII tlll'il1l1t'1"l'ylilllh'l'ru1.aLI'S, wllih·wlwll till' 1I1111'1' l'ylil1d,'r l'IItatl's,
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Cao
Figlln~ 4.1<1: (it) Fill~(~r itll1plillldt~ vs. L'Il" f"r two ,l!,'ll' 1.hi,:k,wSSI'S willi till' slwdlr'r
imler I:ylilldl'r IIsc·d. Cil'dc:s: Ilu/U = 1l.lJ[):\li; tl'iall,l!;k:;: I~l/U = U.III:I. (b) l'aU"1'1I
\\'llvd(1lJ~lli vs. UIt" for ti,., sam" ""SI'S as ill (:,j. Till' ,1,,1.1., .. 1 ;llld dilSlwd ri,ws an'
c:ak.lllnll:r! slill,ility l,olll1']ilric's.
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1'\l.!;1ll"<' ·I,lii: (l') Fill.!.!;I''- ;Ulllllitlldl' "s, (.'1/; for Lwo ,e;al' lllick,wss('S witli thl' sIlHlII('l"
itllll'r "ylil1lh,t !lSI'I!. Cirt·Il'll: I~I/ Ii :::: O.OO:!.'i; tril111gl,'s: llu/H = lUll I. (h) JlllU(~I'1I
1\'1,\"('I"II.1::l.h I·S. (""i fill' 1.IlI' Sl,ml' ,'iIS,'S liS ill (ill. TIll' IIUUl'll alld ,laslU''] lilli's ilrt'
'·lllrulilt'·llsllll.ilil,.I"I'Ullll,]al'il's.
int'1"·Il~,',l.lIw lill.c,1'1' \\·II\·,-I,'l\l!.lh d,'n,'''s,'~ n~ I",f"n'. {'''llIl'arinp, Fi.<.:~. ,1.1·1 {iI), awl
till' ~n11l11,'1' illll'or ,·.vlill<l.... ,H'" dO)~,'r ttl I,ll<' II1l'un'ii";11 "aklllal,i"l1~ 1,11;1lI 11'1\1'11 1,11l'
hip;p;l'l' illlll'l' ':ylirl<l,'r Wil~ llSI'11.
\V,- al~u Illl'aslI!'I',l till' "1I~l'1. capill"r.\' 1I11llllll'r illlc! ,,"~l'I, W;I\,,'I'·!l,L!,t.h f,,1' 1,llis
sl1\all,,1' illll1'1' ,:ylill1ll'l'. ~; 'Ill' I'".~llits an' Ill'l'S!'1I1,',1 ill Fi.l:,.~, ,1..1 illl,1 -I,:, a~ ,I ia 111'"I'(s f'I1'
llll' tlllt"I' "ylilld"l' nJ(ill,ill,!!;, illl,1 \ly IIIJWilnl-lh,illtill,L!, lriall).\h-s f"r 1111' illll,'r ,·.dill,I,'r
lllllUI1l'I"S Ilrt~ slill hip,lll'l" lhull tIl<' 1,lwwl'l.inll \'illll"S wlwll I~,/ {( i.~ hi).\h. Silililarl,\" tI",
tlWII, llll'lIl"lJl'l'tinl] "alnrlllti"lllilHll WilS 1,11<' "ils"1\'11<'1I till' l,iJ!..C,I'r illll"l'I'.I'lin.],'r
4.3 Discussion
\VI'1I1l1V l'UlIlplll"'IJ1lr'-Xp"I'iIlH:nl,al l"l'Sull,swit]lllilll'r,'xl,,'l'irrwlll,al n'slrlt,s,mnml.illj.!,
~ysll'l1lS, Fi,L!" ,1.11; is a 1-\1'ilpll tlrip,illlllly fl'lJllI 11,I'r. [1;!11, t" Wllidl \\'" hi,\!(' IIdd",1
,HIl' n'sul1.s, Ftlr nJllsist"II"'y wi!.l! till' lVay ,tll1lllt,il,i,'.~ 11I'" ddill<'d ill If,'f, [1;!11, in Fi/!"
Wt'l"l'1J1,laint"lwiUI I'Xpt'dUll'lltal syS!."IIIS "'>Ilsi~lilll\ of I.w" ..ylill,I"r.; 111<>llll!.t"ll·il.ll"r
side: by si,l" ur VIIl,ItI,o\'(' tlll:utJI,~r [(ill, Ii'l, WJ, ,'(H, H!J[, Als" illdll,l"rl ill Fi/!" ~,I~i iLn-
llll'I'xI"'rirrr,,nlal !'l's"lts of II ..killi dill. [7:1] (slloWIl iiS t'l'lJSSt',~) ror 1111 "XI,,'r'iuwnl.al
ClwJltcr 1. gxwrimclltlllllc.~·ults with One Cylindcl' Rotllting
bo/4R
69
I~igllrc 4.16: Ca./2 vs. bo/4R (units have bcen chosen for consistency .....ith Ref.
[69J). Data from this work arc shown using the same symbols as in Fig. 4.4. Data
frolll lhe work of Ilakirn cl 11.1. are presentcd as crosses. Data from prcvious work on
waLilig sysLcms arc takcn from Rcf. [69], and rcprescnted by small symbols: squares:
Rcf.(60]; circll'S: Ref. 162]; triangles: Ref. (88]; pluses: Ref. (89]; diamonds: Ref.
[691; solid line: calculation by Coyle el 11.1. (691; lhinner dashed line: calculation by
nll~hllk (67); thicker dasJlt..d line: this work.
ill
TIlt' ,tinll'lIsiunh'ss !"Il,l!;lhs II I( rur all of Ill,' I,n'\'i"lls "XIll'l"iIIH'IIIS l,h'II,',1 ill Fih. 1.lti
tilt'S" datil. TI1l' s"li,t CIlI"\"!' ill 1,1H' 1i~lIn' is Ilw 11"'lIn'lie,d I'\'slill ur ('''.1'1,. t'I ill.
{mJ] ".,lclllal.,'(I],y 11 1.II'o·dimt'lisioll'lllillih'·'·!'·IIU'1l1 mndysis ur 1.11\' S,l"lllIIWlri,'lill1l
SI)lit~illp; lIull' ill a rOi"II'i1I'1I.rull-n",l.itl,l;nJllIip,III"i1li'JlI, 'l'ln",lu'l"l, ,1.,,,11<,,1"111'1"1' i,' llial
,'"lr.nl'Itt'<1 hy Itll:whak [Iii] by., slal,il;ly 'Ilwl,rsis of till' ilSYllll'l,ulie ",plal,i"II,' [Ill"
lwu·diuWllsiull1l1 lIow 111',11' 1.11<' 1IU'lIisl'IIS, lI,Sill1\ n IW'1rI.I'·l'<'l"1ililwill· "I'I'I""xilll.,li"ll,
<111,1 LlI<' l\)III\·,I'lslw,1 "lilT" i:< 1.1", tlwun·ti'·i1111'S1l11 shtJwlI .,1'"1''' ill I,'ip,. '1. ...,. (jill'
'~XPl'ri111"1I1,i1II"<'Slll1."with till' :<IIWIl"I' illll<'l" 'Tlillll"I", wit.h II/I( ':' ; •.H7. "~n'.' willi
1.1"'ul.h.'1' "XI"'l"illll'lllnl n'Slllls "11,1 til<' 1.11<~'Jn'Li'·i11 ",lh'lllilli"lIS 'lllil." \1'1,11, :<lll\J!,,'SI_ill~
1.IIIIl 11'11(:11 Llll' ",r"cti",' 1t'1I~t11 is lal"h"l' 1.111111 all"nl. "", 1""'II<la1',\' I'lf"l"\,s .11'" 11,,1. "i~·
uifinmt, III till' <'/ls"I.I,al. 1/11 = ll.!JH, hUll"'''''!", t.1,,' "US,,\. "I' tilt' lill~"I'ilih ill.sl.ill,ilil"I'
i., suhsti\lllially d"lily,~1 0\,,'1" what is ,'xl"'I·I.l~1 (rullI I."lh till' tll\'(JI"I,t.i .. ,,1 ilwl tl",
"t.lwr ,'xp,'rill1<'lIl.al no.'lIlts, SIIAA""till,l; 1.11111 ill this ",'Sl' f,UIIlIl!;II·.V 1·II"',·I,s ;(("1' 'luil.,'
illlpurt.1I1lt,
the IIl(:ni~'~lIs ht~yo1Ld till' poi lit al Wllidl fill~"rill~ wlJlllII"rnll' ill till' ililillil.l,ly I,,"~
sy~tl~m alld tlr'll t1u'slmt'll'r tIll' Ilill1l~IISiotll,'ss 1"11j?,1.1" till' Illlm' 1.11<' 'JIl,~"t "f lillJ.\l'I'illj!,
or irrslal,iliti,'S Wllidl 1[',,,1 tu Irrll'\','11 ("<Jill.ill,.. 1.I1id'11l'~S 1'11111.1 ',1' d"lay,',1 I." lriJ\I",1'
""illill~ spl'('li" I,y l'Ollsl.l·lldill~ ,I n,atillJ\ sysLI'111 witll it slllilil v;11'Il' "f '/11,
TIlt' ,.[f,d ur tIl(' linil,' ,:ylilld"1" I'~II/.\tlr UII till' ;,.-I.llill II,,\\" i~ dilli'Wli1. d"IIl'I"IiIlJ\
(JII wllidl IJf tIlt' two ,~ylill,II'r,s wtal.,·s. 'I'l.i:< WitS ul,s"l'v,:d WIIl'II 1.111' l,iAA"1" illl(l'1
t:ylilltll:r \V;I~ l1SI''': L1w triLlI~it;,," ]'dlilviunl" wil.h 1.11l' "'ll"I' "ylilul"1" 1'"l.itl.ill~ Wll's
"lids 'If till' t,w" ,·yJilld.,r.~. TIll' lJl'h~I\'i()r Ilf till' oil ill I,hi.~ Spi.... ' d.'tl'rnlilll's lIlt'
ill this 1't'J.\ioll is n'qllin'tll,,{uIT 1111)" ddillil,ivl' stall'llH'lll.s filII IIC' l1\ad,'.
TI", ..If.",t "r tllC' ,e,ravital,iuJlill f"l"':t, UII L1w f1uw is Hisu difli'1"<'IIt. '[I'I"'lldill,2; 011
tllI'lml.c'!' cyliJlII,'r, tllC'n,fcln' 1,III'gravitation"t "'fl'c'l 011 tIl(' Hllll c"!ilk.l 011 tlll' 1II1lc'I
'-ylill,I,'r is slHIIII"r 1.IH111 that ("lid.c'd 011 1.1,,' illl1,'r cylilllll'l".
In lJl11" l','(lll'rillH'I'1.s, IIIlII alsl' in 11,os.' of II .. kiln I'\. ill, [7:11, 1,IIl' 1',,1.ll'rIl 11''1,\'1'-
N"l"lIwll,v <1111'\\'''111<1 ,'xl'l'd. t.lll' 1'111.1..'1'11 to h"Col11t'lIl1s1ahl,' lo 1.11t' EO'k1""ls illst.ahil-
il.)" !'I:ljl",f"rt, 1,11t' wi,vc'I"Jlgth l"l'i ... llC,,1 till' lin"'1r stal,ility lHJ1Imlary. TIa, EddwlIs
illsl,ill,ilily lias 1"'1'11 ol,s"f\'I,,1 ill l111111y utlll'l' l'xl)('rillll"'1.,~ [!J,'l;,-."il,!JOj. Rile')' <Iud
Davis l~llj ,lIlrll'l'uc'lul" l!l~j hiII'I' tlworc'li':ally sllldit'lltllt' I~,'klliuls illslahili(,y in lIlt'
I';ISO' 1.1,;,1. tilt' lill"i1r s1.ahility IIlJIIlldiLry is 1I .. l.Il'r 11,11]( IJIC' Ilsllill pilndHllic shllpc' lll'ill'
it.~ lIliuilrlllltl, ilS is \.I", <'liSt' ill onl" ,'Xlwl'illWJl1.. TIIl'Y nlll,.[lldc' thill, tIll' Ilid,tl,r i,~ tIlt'
!'UllU,lill'.\·, illl,l1.II<' Ilill'l',,\\'l'r 1,1,1,1'01,,,1 of E,'khllllS-llllslill,l.. \1·ill'I'I"ll!!;l.hs,
""""lIll,I', F"ul"l,ltlw 0'1, ill. [!t11 sl.llc!il'tll.llt' El'klHlIlS instahility ill II Syst"lll similar
I" "Ilrs, In t1ll'il" ,'xl,,'rilllC'lIl,s, iI sin!!;l .. "ylilHI"1" rutilll'd 1I11dO'l' il horizontal ,e;hISS
ill <Jllr t'xl,,'rilllC'lll, [."1'lIrlllll" c'1- ill, lllC'i1SIll"l,.1 1.l1I' rilll!!." ..f I.hc' ("(mlml IHIl"illlll'l.t'r
1""111.1;lr,1" 111'1111' sl;,til'I';II",\" pall1'1'II, 'l'lwi.' "C'Slllls lin' \"0'1',1" si111illlr 1.0 lilliS,' ShUWll
illl'n'<I~iHp; <Il1d dl','n'iI~ill,ll, I';, r-I"~I' 10 "1l~I'I, III llri~ r".ld,," of ('", 1i.1'~1"I',,,,i~ ,'xi~l:-
il~ '!l'~nihl'll ill ~l'd,ioll ,1,1,1, At a I'lu'1.il'llllIl' \';rl1l1' "f ('<I. tl11'n' ill''' ["\\',,1' 1iIl,c.'·1":-
whl'lI (.'" i:- illl'I'l'a~'d Ilmil WIIl'I\ (.'u;:- <1"'T"i,~,',I. 'II'. ill ,,1,11,'1' \\"'lI',I~. 11", tlil11l'1"ll
hil~ it lollp;,'r lVil\"l'I"IIIl,1.1, wlll'1I (,'II i~ ill<T"ilS<.',j t.Ir,lll 11"1"'11 il i~ d"'TI·a~I"1. III Illl'il
I'i'l",r [;;1]. F'ollrllllll' dill. irl"lItify I,lli' luI\' \1·mTI'·II.l.\l1l 1'''"11<Ial'.I· (If lilt' h,I"~1<'n'~i:-
l';,llt'1'1i \Wlv"I<·II,1l,1.11 dlilll,L("'~ via a Ilr"llill\a1.il"<' I""illiz''ll ,,1.'Il.<' "f ],1'''\;''11 1'1Irit,\'. 111
11111' "XI't'l'illH'lIt, ill tIll' 1'<I11,!!;1' "h"WII ill 1,111' ill~c'l. (,,, I<'il\. ,1. I:\. I \Il' W;o\'I,I"Il,!!;1 11 jllllll':-
"'Tllrn',1 Whl'l1 il hul.. ill'I)I';u'I'l1 al till' illl,c'rfill"l' Ull illl'fl',I:-ill,!!; ('II, "r ,!i~al'l"'i1n'<1 "II
c!""rl'ilsillv,(:f1i, i1S 1!t'sn'ih,',[,r1''',"t·. \Vl1<'11 (.'II,II'as 1·'lri",ll",I.\\''''1I h"I"i1I'I"'nl'irl""'"
wh"11 11"1\' fill,!!,"r,; i,pp,'"n'd 11'; (.'lIj IViI:- ilH'l"'ilS'·cl. \Vllt'li ('il, \\,il,; eI'·"n"ls,'d,!.I1t' dis
illlp"ilrallt'" "f firl,!!,,'r,; o,'C',ll'l'I',j tllr"IIv,11 th,' n,al"S""lll'" "I' til'" 1I,·iv,JII"lUriu,!!; lill/!,"I'~,
,IS \\'''1I1d I", "XI"'t"1.<'t1 at ill! Eddlilll,; l"nuII[al',\'. TIll'S" n's1l11.s .11',· ""Ilsisl.t-lil. lI'il.ll
Lhus,' uf Fnllrlllll(' do ill.
bu/U > U,UU:I'I, 1.lw SLilliullill]' l'ill.1."1"I1 l",n'IIl"'; 1111,;1.;,1.1,. I." it l'ill'i1.y·lon·;,killp' 1.1',1\'
l,hn'll)!,ll 1.\\'" ';11(',·,'ssil'" ill';I"I,ili1.i,'._, fnllil 1.11l' st.rili/!,!Il illl,'I'['''''' I" 1.1", s1.i11.i'llI;lr.l'
[1ill.kl"ll. illlrl1.lwrt fl'"m1.lri:-;slilLiclIl;'IY !,,,U"I'lI to 11"i1",'lillj!,lillp,"I'sf,"l". 1,,1,lw";'s"
il"r SlllT,'-,si",' 1,nlllsil.ioll._ illvulvill/!,,,uly 'lII" "lIl11.r"ll'ill"iIIlIl'1.,'r 1"11'1·1"'('11 ,,1'''''l'V.·r1
[11'!·::mj, III 0111' "XIH'rirrn-lll.s, dus,' t" L)lI' "II~,'t of this IJ1ll"ity hr<'ilkill!!; s1.i1t", tlWI1'
is it slll;.!1 n'/?,ilJu ill till' "'>III.rlll 1';11'1111\1'1,,'1' wli"I'" til(' dl'iftiu,l:; paU"nl i.~ nllst;,I,]".
This is ill ;,gl'l','u1l'lIl, with tlw Lh..urdi,·;1! pn't1irtioll t1'''~lTiht·,) ill s'·l"1.iull 1.:1.:l. tlllli
I.Iwparity.lm'akilt/!osta1.,·isllutsl.ll.l>lt'Il.LolIsd, i\l"t'(JI'llinp,1.tlllwtlfdin.!prntlit:l.iulis
[1'~1·17], lilt' ,Irift .~IH~'rl or till' 1'"ril,y.I>I"l';,kill,l!, lI'ill"" shuuld I", IJl'ol'ol"liollid I,u tIlt'
,I,'/!on',' I,r ..s,Ylrllllt·!.ry uf 1.111' 1';,1,1"1"11. \V" 1,;,\", II<,l ~jll<li ..,1 ,In- 1",11;(\'i"nr uf lll<'
IJ;ll'il.y·IJrl'ilkill/!o S1.;I1..' fol' "'Jllul"r-r"I,;llilll?, "ylillllt'rs willi,,· "n's,'ut",1 ill (:1111111,"1" ;;.
Clwpt.('r !i
Experiment.n.1 Results wit.h Cylilldcl'S CUUtll.('I"-Hul.nl.illr-;
\\'111'11 LIlt' two l'ylilldl'l's ill ""l" "XI"'l"illl('1I1111 Hl'parlll,ll~ '·"I1I11.'·l'·I",,111h', ;, l"al'il'ly
ur dYIlHlJ1ind st<ll,,'s l';Ul (HTllr, d"I"'lIdill~ UII till' \'I,I"dly "r llw ,·.\'lil1d ..r~, Till's,'
illrllld,' Iol'"k'·l1·pari1..I' Ll'H\"'lill~ 1\'<lV,',; (T\V). ~"Ii!al'.\· I\";ll"'~ (S\V) ;11101 ,~I.;lLi'lI'i'I'.I'
litlg"l"il1,!!; PilUI'r1IS (S) il~ sh"wl, in 1.1,,' I,lli's,' ,Iiitj!,l'il"l "r Fi~. 1.:1. 1" Illi~ ,-I,al'I,'r IV"
pl'l',;\'Il1. tl1l' l'l'slIl1.s "r ,'xp,'ritlll·u1.S UII til\' l'l'ok"II'l'm'il',I'I,rilVl'lil'p, 1I'i1\'l'~I<11.l'laJ,,'I,',1
TW in Fig, I,;t III lwdi"l1 Ji,I, 1.1,,' dyll;lIl1i'·<III,,·I'<Il'iolir "r till' l.r;,v,·lillll.·\\,,,\'1' Stilt."
5,1 Results
TIll' "xp,~rill11:l,ts repm'led ill lids dlill'l"1" Wl'H' llolw ill till' 1"'I·i!.y.I'I"l·;,kill~ ~1."l.l'
whkll til~S ill tl,,~ I,n';~ i;d>C'lli'd TVv' ill 1.111' Sl~l"lIUI 'l,wdI'M'!. "r 1.111' 1,I'i's,> ,liil~l'Illl1
ShUWll ill Fip;, I.;\. 111 a tYI,il'al ,·xIH'rillwlI1.Hlrllll, S1'O\\l11 loy l.1w dil.~IIf~1 ~1.J"aj~lil, li,"'
,~I.H1.i"lll1ry lillJ!,l'l'iuA pilll.'·!"I', wl,iel, r"l" ,ml' W~H11C'I,l'Y '''T'II"I",·,I al. ".n _7 I J I.:, I: :l.r,
1I111l/~, Arl,'l' alluwil1p; ll,is l,al.ll'l'I' to s1.Hhil;;w, II'" tlWII iIHT,'a~,',II.I", illl",r "yJiIl,I<'1
VdufiLy ill slmdl s1."l's ill llrl~ of/pusit" dirp"liol1, i."" .~lId, Ulill. L1,,, "yli",h'fS IV,'r"
"U1l11ll'r-rul.'l1.il1,l!" illiowill,l!, slillil·il~lI1. tillll' JWhl'l'I'1l st(·I"~ fOI' 1.11" l'a1.kr/l 1." n,;".h iI
st"illly slall·. III this '·H.~" 1.111' l"fJlltroll'an'I'Il'I.,'r is 1.111' illlll'r "ylilldl'r l"ulJt.lilltl sl"·l"l.
::i.I.1 UllifeJrlIl brokcll-piwity waves
1\1. valu,'S ,,r L11" "ul.'·1" "yliIH],'r sIJl'I~,IIH~I,!W J!j7 Illlll!S (IJlo",.). 11 IU'riOllk pat,ll'rn
"f lravdillj.!, lilll\"rs, III"villp, wi til nlllst;lIlt sl',',~d, was ,,],sl·rv,~d. Tliis statl' "xists ill
illl"r"i1S",[ ill slIlall st.'ps fmlll ~l'r". Initially, with 0; = 0, llll' pal.l,'rll is stiltiollary
,11111 h;I.~ I"n.-rij.!,hl, rd!<'l"I.illll syllll1ll'1.ry, m; ill Fij.!,. ri. I(a). WII"II 'Oi is illl'I"'lIscd sli~lJtly
111",\", ~"ru, till' 1'i11.lt'l"t1 uf lill/?"'I"S at 1I1l' illt'~I"I";,,:t' lust's ii,s rdkrtioll syllmll'tl)', im<l
I"'j.\ills 1.u dt'irt alollj.\ t.h.· 11'1IjJ;t.h "f I.lll' appar;I1.lIs. 11Iil,iHlly, 1.11" ,Irift i.~ spai.ially
,]iSl,nl'·I'<·,1 '1'111' llilt1.I'l"ll '·'"Ii.Hilis suur<'" alill sink l!l{t'ds, ill, whidl IIUll1ilillS '11" lill;('rS
.11'ifl.illjJ; ill I)l'pusit,· dirl'd,i"ns 1I1< ... ·l. This disor,I"r is t.rlll1sil'nt, ill tltis l'l',C,iUll IIf "",
,lrin,illp, fill).;'·!"s. I\S "i i.~ fllrl.lll'r illt~rt'iISt'd, 1,1J(' i1sylllllwlry of 1111' lin,!!,,,rs Hild till'
wH\,,'I'·lIjJ;l.1i "f I,lli' I'Hl1.1·1'I1 hotll ilwrt'ast', ;IS ("ittl IJ(' St't~tl in Fip,. .'i. J, as ,hws tllt~ir
pal.l,,'rll, II'lli,.]1 .~h,,\\"s 1,1m1. till' lrill'l'lillA spl·,',1 of l.lw pilUl'l'll is 1I11irOI·11I. l'allt'l'llS
with 11,,1,11 si).;I1.~ "I" ;'S,\'lIlIlI,'II',\' (Lt'.. Idt-iI'iIldlljJ; 111111 l"ij.\!ll-II'i1nill,ll;) 11'1')"(' "bst~r\'t'd,
with \.Ill' .[il'l ... ·tjull or tlrin d"llI'lidilljJ; Oil 1.111' St'lISt' uf 111(~ 11SJ'IlHlwLrYi th(Js,' ill Fip;.
fl.1 h'all I." lIll'riAhl. atlllllllll'('I,,, lIw]"fl.
AI. sl,illllijJ;Ii,'1' "i, 1.I1l' pal.l.l'l'tl snd,l!'llly I"l'p;aills its rdll'dj(}11 s)'fllllH'l,ry ;111(1 stu[Js
,Irin ill~. as shUlI·]l in Fi~. fl. I(jJ;). TIll' I,!'ilwlinp; spl ... ·el 1IIul aSY111I11dry dmp rlisnJ1l-
liliUlIlISl,\" 10 ~,'ro. This Il'allsit.i"ll is 11.vst.t'I"l'til': if II; is 11Il\I' dC'<'l','as,·d. tl1I'dl'iflill,l1,
I',llkrll d",'.~ 1I111 l"!'ilpl"'ilI" lllltil SOlll,,\\"I.ilt. 101'1<J\\' 1.11l' \'Illnl' uf Iii al II'hidl it ,Iisilp-
1"';'I'<·d. TIll' \1·a\',·I'·Il,l!,I.h lIr tIll' sl;ll.iullllry pa\.1.,'rll which 1"'ilpp"ar1< at lli,c,llt·]" P; is
al\\'iI.\·s slijJ;llt.l.,·lar,c,"1' thall that. ill. Pi =II. At still hip;llI'r IJ;, 1I11' stlltiu1I11ry JltljJ;I·I'.~







Figure 5.1: Patterns observed allhc oil-air inlerface wilh v" "" 1:l9A IIIIII/S. (:I.)
Stationary, symmetric fingers at Vi "" 0; (b)-(f) aSYIllIII,~lricfingers t1rirtillg IInifflflldy
to the lert at successively higher values of v;: (Il) Vi "" 6.:1 mlll/s; (c) Vi "" 7.9
mm/s; (d) v; = 9.5 mm/s; (e) v; = J 1.1 mm/s; (r) Vi = 12.7 lIlIn/s; (g) slaliuJlILry,
symmelric fingers at Vi = 15.8 mm/s.
FiWII'" :i.:!: Sl'lln'-litlw il1li1,L!,"" or 11 Ilnirorm lruwlil1.e; (!lllkl"lI ill I'" = 1,I:U; lIllll/s,
1', = !J.~ II1m/-,. Til1ll' l"IIlIS rnJtll lu!, tu hottlJIII alld tIll' lij.!;lIl'l' ,'Ol','rs ~'l s, 1:{'l 11U1I
or till' l,aU,'rll UI"I' ShUII'Ii.
CJII'I'I('r 5. r:;xpl'rim('lIfllllk~u/f,~ witll (dillll,'r.~ ('uIlUkr./I"';lli.,,~ 'iN
"S ill Fi,l!;, :,,:L 'lIul "; i:< pl"lh',j "I' ,I furwliull ..f I', in Fi~. :•. :1. 11,.\" fur Ih','
\'I\hwsc>f ,'.. IoI'lIl'I"'" 1:1!lllllU/S ,m,ll!",/ mlll/s ,,"'·shu\\'lI. will, tlll'llilrl'n'ul sYlllhuls
It! Fi~, :;.:t, wll<'n' II'" llil\'" 1,1ul1.l',1 t.lll' Iw,xitHlIIII I'Idlll' ,,/ I', ;rt Wllidl U"'lr;r\'l'1iIl~
l'I,I.1<'1'I1S \\"'1',·"1'1"'1'1',,,1,011'01 fllllt't.i'>I1 "r I'.. , '1'111' ,lntOi 1,1"II,~1 ill Vi~. :;.:1",'1'1'1' I,ll"
I'lll.il't, I'MI,l!;I' ur III uvpr whi.-l, till' t.l"il\'plitl~·II'il\'" stilt." ,'xisl"~, A lit Ilr t.11l' .Iala I." "
1''''1
willi ". alII I /lj ill llllib tlr 111111/S. III ll.is nllit', lilt' pilrity-lm'akiIiA tr,lIIsiti,," ","'UT:<
lit a rriti.·..1 ruilltiull :<IH't't1 "i 0= :Ul ± n.::! 1111"/S. I'", st... r'''' t.. ~n,w l·..lIlill ....Ill<I.\,
f""l1 Z"n! al "i, ,uIII ": is lilli"" ill thl' nmtn.1 parilllwl,'r I'"
pllll 11/LIlI' I""llt'rll's W;LvI'111Ilulwr, 'I,"s it rUlwtiutl tlr lin fur tlln't' \,..111,'" "f "... ,111.1
illl\sl~Ill.'S LIll' sl,',"ly .l,'('n'<lsc' ill 'I ill' 1I... nlllLl'ull"'I"lllu't,,1' is il"'I'I"'Sl,.1 Lhn>IJ~11 til"
tl'av.'linj!;.wavI· sllllt'. At till' trHllsiti"/1 I,""k Lu till' sLHtiwlal'y p"th'rn al IliAlwl' " ..
5.1.2 Nonuniform broken·parity waves
w., ul.s'~r\'.'.llI'l'n' llU lClll,l1,c'r spalially llllif'lI'Il'. ilIUI •.Il1'il· 1",llilvi'",r IVal< nlll ...r IllIm'
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1"i~lIn' r•. :I: 'I'll<' "'111<11'" "I' 1.11t' p:il.1l'l'll'" 1,lIm;C' 1'"ludty. Il~. Illl 11 rllllrtiuu or 1'; 1'''1'
",-I'prill \""III'-s "I' I'" "I' IIlIil'lll'lH l.nl\'('lill~ wav!'". Cirdl's: lJ~ = l:m.·1 I11m/s: 111'-
1I'~lnl·p ..ill~illl-: tr;Hll~b,: r'" = I,I:!.:'; !lll11/S: dll\\'II\\'ard-p()illl;n~ lri'llIv;h'!i: I'u = 1,1$.1
II1m/": dimn"mls: I',. = l!i:l,!, 111111/"; "'[lIaw: I'" = 1'i(U! 111111/". TIll' Hill' ill it
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Fip;lll'l' fiJi: TIll' IIl1irunn 1';,t.I.('l"lI\ WilVl' 1IIIIIIIwI' i1~ il rllIWLi"ll "r 1>, r,,1' 1.111"'1- v;dlll'~
or II,,; symbuls <I1'1~ as in Vi).!;. !i.;!. Tlll~ lilli'S l:I>IIIIl~"Lill~ tlH' point,s ;1I'(' /.\lIi<l,-s I." till'
('Y\~'
<:rJlIljlli ..all',1 Llwil tbat "f till' IlllifU1'lll lravdill/l; I\'av,',~ S,~'11 at luI\' V Q • I\S Iwforc~, til('
s1.J,Liu"lll"y lillt!,"l'illt!, IHltt"rn "xists III II; = 0, As SOOIl as II; 1l(~'U1lH'S II<>nz"r.., till'
lill/!,'·r.~ !If LlII' sl,llti"lIlll'y I';Ll1.em los!' tll!~ir rdb'liou S)'111I11l'tr.y ;lIId hl~p;ill t" drifl.
WI"~II "i is vpry slllall, this l.r;lv,,1iIlt\ stilk is ,:hauti .. , I!ow,:v"r, 1I11likl'llll~ ";ISI~ I\'hl'I'"
II.. is luw, this dislJnl,'n'd drifUlI/1, Stiltl' II"V"I' s"uh's ,1"wl1. This "hsl'l"l'al.ioli HP;IH~
"I"'I,I,his palL.'nl is 11"1"'1' p('ff,~'I,ly 1IlIifol"lll, Ilur is it s1.ilhh' ill lillH'. SDIIIT': ul"Silik
,I.{,'d,s "1111 f<'lIldili ill L11l' Jlill.l,·m. lYl'indly Ill'ilI" tIl(' "lid or 1,11l' appal"atlls, IlIllll~llo
ally till' l.nll,..lillt\ linAl'rS appl'ilr ill '1111' ('lid Dr I.lll' lIpJlHr'alllS ;lI"llli~;q'lH'iLr III tilt'
"til<'l". Fiji,. .'L!"i shOlI's a sl'ri,'s uf tral'dill/1; patlnlls <>h.~l'r\,,'d fUI' 1).. = 17·1 Illlll/s, ;IS
1"IIAlII, ;'s 1'i11l I... S'~'II in r~ig. :;)'i, \VIr"1I ll1<' lill/1,"rS i1n' llluvill,l!; alVay fruill a sOlin'"
,I,o(,',:l, tilt' lIill,ll'l"Il'S Il'ill'l'l"IIp,lh ilWI"('i1S('.~ "Iollg ils ,Iin:diull of P1"<lllil,!!;i\iioll, whil,~
if tllt'.\, ill"(' IlIol'illg 1.<>wanls iI sillk ,1"f,'I'1., lIw \I';wel,'np;tl1 1I1'1'I""lIS('S, FlIl"tlu'l"IlIun',
tlds I'Ht,l,I'I'11ultly,'xisLsf"r,t,vpit"lIl1y,I' f('1\' milllll,'sal illitlw,llf1."fwlli,.]1 itl1p'lliu
1.1tI"IIS I." "rl<' Iii", thus" in Fit'.. :;.r" a11l1 SIl 011. l'altl'I'lIs IIl1winp, ill l'itllt'l" {lin',:liull
1'1\11 (1("'111', lllitl <)f1.l'11 till' dil"('rtillll uf PI"UPll~llliulI is wVl'I's,'d afll'!" 1I1l~ JlHS.";IlA'~ Df H
,lisunl"I"t',llnlrs1..
t\S I'; is rllrl,11l'1' i'Il'I"'iIS"d, tl1l' JlI1L1.1·1'1I'S al'ITilP;" WaVd('ll~tlt, plla.'«· sIJ(""lluul
linp,"l"lIS.\'lIl1l1l't.r,1" 1111 il1<'l','IIS", ilS I\'HS f(J1l11l1 fUI'!.lll'lI11ifOI'IllI,l'IIVl'1illApalt':I'IIS lit lOll'
I'.. , TIll' varial illll ill \l'an'II'IIp,I,1r Id"l1~ I,ll(' paLLI'1"II IIlsu 1I1:""II11's lIlun' pl'tJIIUllllrl'(1.
Hruillit' illll'rI1liUI'1l1 IUII"sis ur ,lis"nh'l" Ulun' rn'ljlll'nl,. 1'lIttl'ms rrul1l this I't'/!;inll'
HI"t' illllsl rill I'll ill Fit'.. :;.:;(110 ,1), A ~llIlll"1l tl'HliSiliu11 lIl'I'UfS hnt\I"'t'11 Fi!\, .'i,[.(d) ILlIII
Gllitpter 5. ExpCrilllC'llt,,1 nl~t1I/s lI"ial GyUm/t'rs C'cltJllh'r-Ro/it!illg S1
Figure 5.5: Nonuniform tra.veling·linger patlerns at Vo = 1701.:1 millis. (i.) Vi;;; /i.:l:l
mm/s; (b) Vi = 11.08 millis; (c) Vi ;;; 12.67 nHn/lli (c.I) Vi ;;; 15.83 rmn/s; (11)
Vi;;; 17,42 mm/s; (f) VI ;;; 19.7!J mm/s; (g) Vi = 23.75 HllIl/s; (h) Vi = 17.71 rrun/s.
The images show J74 mm of the Illl.tlcrn'lI 1mrgth.
WOIv!'II'llgl.h l,r till' 1.1'<lV{,lilll-\ Iwtl,l'l'll IU'('\!Im'S IllIIl'!' Illliful'In allil llll' till' ,lis"nll'j'('ll
I'l'ri(J(L~ 1!lIIWHr li'sS fn·lllll'lll.l,Y, 'l1ul LIIl' ilI','rHllr wII\'('II'III-\I,h, tr,w,'lil'j.!, sIW<'c1, alld
(SW) j'('gi"ll "f Vig, 1.:1 is j'('<ldwll, ill wllit-II I<wali~,'c1 1','Ldws of brokl'll IJill'ity
S}'IIIJ1wtry l,l'ilV<'1 Lhrullj.!,h a I.,wkgronlill uf statiullliry 1ill)..:,t'I'S, tlll'll 1.lll~ sl,<ltiullaI'Y
lillg!'r sl.al,l', ,ulIl, linally, 1.11<' .~traip;hl. illLl'rf"I'l' I'<'aplwars,
Fig. !U; is II sI'Hn,·I,illll' image, shuwillj.!, UII' mutiull uf .1 /laltl'l'll trawling ttl til<'
TIll' 1I'0I'y ill wllidl tilt' paU"l'Il '1' rharadl'l'il'LiI'l' ViI!'y 1l1UIlP; l.lw in1.t·rfano, <11. <I lixI,d
I.illl<', il' illlll'l.I'HLl'<l ill Vig, f..7, 1'''1' whi<'h "" = ~(il.>1 llIlll!S and t'; = f.!iA::! mm!l',
'I'll<' I'Hrl.il'II1Hr illwgl' 1'1'''111 whidl Llu' ,llIl" \\'1'1'<' takl'lJ is shuII'n ill Fig. !i.7(a).
'I'll<' lill,Cj"rs II1\'l'ilglll,l' ;,II'I'Y I'rolH 1.111' SUlII'l',' lh-rl'l'L "I, till' Il'ft sill!' uf 1111' illlag..,
Stl nlosl. "I' 1,1", paU,'rll is IIl<lI'ing I,u LIll' righ(" TIll' lund \\'a"I'II~IlI-\I,II, d!'lilwd ill'
1.11<' dil't<lnn' 1",1,\\'l"'1l afljan'lI1. minima ill 1,lll' illtl'rfa'"I' IIl'ighL, LII.. aSyllltlll'tl'y (SI'I'
I"'luw) of ('a,,11 illlli\'i,IIIHI lillgl'I', and "11"h ling,"·'s trm'!'lillp; .~IWI',I, d{'LI'I'HliIWt! hy
l'illlpl.l· lIIt'ilsllring 1.11<' ,listlll1l'<'" lillA{'r mow<! O\'t'1' a small 1llll1llu'r of \'idl'o fl'11llWS
ill'<' sl1"\\'11 I'S a fl1l1<'1i"l1 til' l'''silioll, in Fig. r,.7(h-d), 'I'll<' fillll;.'rdusrsl, L(I til(' 1IIIll1'lT
is I"",C."L as "<In :", SI"'II ill Fi,e., r;.7(;I), IIUIl'" il.~,\'mlll,'l,l'il'l,"d fllstl'r llIUl'ilig 1.IIHII its
lu'iAhl",nl's, This I'dlel'l.s till' 111l~'lwllislll h)' whkll 'WI\' finW'l's llPIWlIl' at I.lll~ S'HIl'l'P,
Exisl ill~ lillj.!,I'l'S WO\'" <I\\'il)' fru111 I,ll<' d,ofl'l't, \\'111'11 tIll' dislilll('l' hdwt'ell Ull' SUlllTl'
lind till' llean'sl. linAI'I' 1"'I'tlllll'H luo l<lr.c.", sl1\all rippll'S IIpl',,"r r1USl' tu ll1l1 {I,ofl,,·t,
fi~lIrc' lUi: i\ ~ll1ll'I'·tillll' jillil~t' or a I1lJllllldrul'I1i 11IIUI'rrl 11'1<1,,-111110( t .. tilt' I,·n. ;,1
l!~ = 17'I.:i llIHl/~. I'i = ~a,i'i HlIII/S, TIll' slll"-" and w"v,.j'-II~tl, "r tilt' rill~,'rs
il",WilSt< lUI llwy muvt' ;,j"l1.e: llll' 1"11#1, ur l/Il' al,pl,rlllllS. Tillw "'Il1~ hurl! l"l' \.0,
llUll"", all<l Lilt" 1i,l!;lIn- ",,\',-rs ~,l s. l:il 1II111 "f llw l'''Ut'1"II ,,"- sl",wlI.













Figure 5.7: The variation or the local properties of a nonuniform traveling p,ttlcrn,
as a funclion of position, for v~ = 261.4 mm/s, Vj = 55.'12 mm/s. (a) The pattern
itself. (b) The local wavelength, .\. (c) The asymmetry or the fingers, A. (d) The
local travcliu& speed, Votl.
;,w;oy I,S ;0 11l'1V fiUI!,"T. 'I'll<" '''~W filll!,"l"s initially 111lll'" qlliddy, huL Hlo\\' ,luwn 11'1\"11
llll'y catdl 11)1 willi tl", I""st .,f LI](' drjflill~ paU"TIl. 01ln~ rill' "1I'11l~11 (i.l~" 11 f"\I'
"II i,WI'PilSl' ill II similar WilY, Hnd IIP!H"IT 1,0 Iw saLlll'1ltinp, Lowards till' ('nd uf 1.11<'
,'11111""'''1111':< ,·t""PJ'('.~s,',l, IIl1l,il" liul!,t'r,lislqllH'ars illl" 1,11<' slnl,. This Ill'ltilviolll" is
Fil!" .""X is 11 plot of tilt' ,~qllan' (,f Llw paUt'I'II'S av,n'ap,,~ pllllS<' SI)"t'{l a~ainsl
I,JIt' ...,ull',,1 !,i1l"ill11"lt'r, 0" "t rI" = 1j'~.:1 IIUll/S. "~is lilll'llT in Vi Oil luw I'i, ill
1,1((' hirlln'ali"ll 1.0 1,1ll' l,rulil'lI-pllril,.\' sllll<' l/'TIITS Ht "i = U wiLllill nlll' "XjWrill(('lltal
l'C'S"llIlilJlI. Tht, philS!' .slu'C'd ,]('ups ,sllddl'llly ill a \'ilhl<' uf "i lll'lw""11 ).",.Kl 1111llf.~ mLlI
li.,I:! IIUll/S, TIll' drop illl'~ is illTUI11IWlIi,',J h)' il dl'up ill till' pil1.lI'I·(I'.s wilvel,'IIp,lh ilS
"1111111' ,S,~'11 hy ClJlIlIHII'inp, I·'il-\' .""t,(t1j (I'i = UUq 1Il11l/s) illlt! Fig. ;;.;;(!') (I'i = liA:!
111111/s),
"f I', .. lIw II'I1Ilsiliull ,li.~ilJljl<'al's "umplC'l,'ly, At LIIl':'w hi!!:1i valll"s t>r 110 , tilt' lrmlsi'~1I1,
l'llrsl,s lIf t!isun!,'1' S'~'II al 1011"'1' "0 IIlI IUllw,r "'~':llr, althollgli aldecls ClIll still t'xist
in tI((' ImU,"l'll. Fi~. lUI is a plot or u~ vs. IIi rtJl' "0 = ,l:lfj 1I11ll/s, III lids ('a.~,',
l,ht' S'11WI't' ur 1I11' plws,' sl"~'tl ill'"l',~as,'s !illl'arly with !/i at low l'i, tlll'll slIlu"tldy
'!l"T"i,S"S ilS 1111' tl'llllsiLioli J,w'k tu staliullill')' lillp;"l"s is l,ppr01U'lit'<.l. Nu sll,ld"l1 dl"0p
ill '\' is \'isihk in 1,1ll' l.ril\·,'lill~.wa\'<' stall'-
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1\I1;llrp IUI; "~ ;I~ H rlllH'l iun ur I'; Ill. I'"~ = '1;j:i.T mlll/s.
Lion IJf nllgl'rs via Illl' l~fkll,1I1S inslahilil,.I·. As lilt' lillp,l'rs IIlU\"(' all·il.l· frul1l " S"IIl....·.
llll'ir loc'"l 1\·'II'I·II·ll,!l;tll F,l"Ol\·S. \\'11l'11 tile' \1'i1\'t''''lIAth lU~'tllll'''' lilr~"1" IllIIll ;, ""rli1in
(i.I· .• LIIl~ I,·ss st!'l'pl)" slulH'd sid!'} of tilt' lillp,,'r's I>;\S". SUIlIl' uf , \\I'S" ,';\11 I.. , ",','1\ ill
Fip;. 'Ill. rill' ":\<llHplt- ,II ,111' ri,!!,ht·lland si,lt' "I' Fi,e.. :,)",(0. TIlt'S,' ripl""s n'l'n's"lIl
rippll' 11lIJV\'.~ h,wk (,uw<lrds. illIIl is rc'i1h~urllC',1 I,)". LIlt' 11,11"1'111, liu,!!,''r. 11" lilt' l'il'l'l"
illitiallyc!C'vclul'sl'nr'·lIC1l1p;1IfrIl11l1.ht·l'arCIl1.lillp,'·I·.IIl'1\'I·wr,il.will,C,l'tIlI'<lndlllu,",'
11'i1.,",lIs'!c·snil",dlllo",·,·.
This l'l"un~ss is illll~lritl.c·(l ill Fip,s. :'.111 Hlltl .'i. I I. Fip,. ',.111 i.< it St"IIIl'II""',r
l:iLSI' is tlluviup, t" tIll' Il'fL [lIi1.ially (FiA. !i.HI(;,)). lilt' fiup"'rs ai, 1.11t' [,,["(,·111111'[ ~icl,·
of till' rront 11ll1'l' ;1 1\'an,II'IlALIi whidl is lOll lar,!!,t', illill I.lll',y ill'<' 11lI.<t.•.l.lt'. 1\ III'\\"
Iill;.!;!·r is l,l'yillp; til lIud"itl,I'jnst. ill frllrrl, ul' 1.l1l' lill,!!,"1" lallt'll'.1 I ill ViI!. .....,.I1I(iI). 11111.
it is hH' dUSt'. 'lIltl ill Fi/',. ' •. llI(I.) it. is ill till' [In,,"I'SS of IlI'ili/', 1'I",[.s"d,..'[ 1•.1' firl,l!,"r
is Il'idlSlIrlwd ill Fif!,. .'i.IIJ(II). III Fip;. !Uf!(,I), tlwfiIlW'rl'IIH'II'r1'2llils ,,[S"I((·....IIIO'
11lIslilhl(~, Hilt! 11 sl11illlrippll'l·illl Ill' SI'I'rr ,11~vl'l"piIlA ill I'rllllt of 1.11;11, lillW'I". AA1tiU 1,1ll'
/. IIt·\I' lillF;l'l' sll1'('C'ssfully f"rllls: it. <"1111 lit, st·,'11 IIIClVillA '11I'il.Y frorrl ils I'"n'ul Iirr~"r
ill Fi/.\. .'i.I(I(h-jl. '1'1\1' Liull' 1'I,lpSI'c! rl~!Il1 lllt· st.1H·L 1,0 1.111' "lid "r Fi.~.."•. 10 is :!.7:1 s.
!lI1ll/S. "i = l:!.:! nUll/s. TIlt' tillll' fWlnllll' top t.ol.lll' III,U'IiD "fUI" fjJ.\lrl"l· is 1:1 .....,











Figlln~ 5.10: The formalion of a new finger through Eckhaus instability. Here
1I~ = 239.6 mm/s and Vi :::: 47.50 mlll/s. The images were recorded al times (al
Os; (b) 0.1 5; (c) 0.23 Si (d) 0.35 5; (e) 0.68 5; (f) 0.83 Sj (g) 1.00 5; (h) 1.23 5; (i)
1.73 s; and (j) 2.73 s,
C'hajJtf'r:1.
ity IJnllllrlHI'y f"I' hl'\,kl'II-l'arity travdill,l!; W;lI'l'S ill this S.I'S1.l'I11, \\'1' t.i1kl' tIl(' lotlfl;-
WHvd('lI,!!,tll stnhilil,y lilliit of l.lw lill!!,I'!" tu Ill' ,lplilll',1 hy lll<~ WH\'d"Il}!,l,1I at whi,:h
I,ll<' rippl,':;, Wllidl r<·pl"l'Sl'lItlll.1.l'!IlPI..~ to l~I'l'H(,p 1ll'1\' till,!!,"rs, l1l"l;t a[lIIl~I'r. TllC'shurl-
wllvd"l1j.\tll limit is j.\iVt'll],Y till' ShUTI,,'st illl.nlillj.\t'r di.~tlllll"· for~, hkh lllt~ 1.11'<> rillj.\('rs
,I.. lIut n'nmd,illl'. TIIC' 1"I'sllll.:< 01" till'S" llll'IISllrt'Il1"lIl.s Hl"I~ sll<>\\'11 ill H plut. of nl1ll1'ul
Hl ", = 0 illllil"al,,' 1I1t~ WHV(' 11111111WI" or till' stH1.iullHI'.Y p1l1.li'1'1l t11<~I't'. 1l,'I,\I"'t'1l IIi = 0
lin,) til<' luwl·s!. 0, r1i1ti. p"illl ill tIlt' 11,c;111"<', llll' plltl"1'11 I\'IIS disurd"I", ..1an,lnll'<lSII1'("
!l1t'1I1,s of (,lit' 1';l'kll1l1ls I"Hll\flllry Wl'I'" lIol pussil,h'. 'I'll<' dal,11 fur "u = ~IX 111m/s
(1,11t' ,'irl'],':<) 111,,1 "" = ~(il I11l1lls (tlll~ trianp;l..,.) slum';, ,Idillit" kink, ll1ust obviolls
"II 1,11l' 1"\I'-WII\"'-l1l1l11),,'r .• i,]l' of tlll' sl.iIltilil.y b"llllllllry. This kink l'oil1cid,':< with
till' tfliliSilioli discussI'11 ahov(" i1tll'hich lllt~ paltl'rII's wl\vpll'np;th slldd"lIly ,.]'lIllp;<':<,
'l'lw killil dOl'S IIUl. aplH'HI' ill dlllH takl'll;;t lIi,c;1I I'allil's uf 0" (fur l'Xlll1lph', 1Il<'sl,lIrs
ill I·'il-\' .'i.12), 1",,1' wllil'1I th,· trallsi liol1 d,ws l1uLu':'·IIl". \Vhih~ till' IUI\'-waVt'II~II,l!;thsi,I.,
,,1'1.111' I"1111\<I;,ry ,1,1('>;11 'I. dlilll,!!,l~ 111lwll "S l!" is \'ari,',I. tIl(' Ili,l!;ll-wllvdl',I~lI, si,I,' llHlVI'.~
1<lllll'l'li i'!'IWIII'S to S(·ll','I. \\'il\"t'kllp,l,h~ llt'ilr tl1<' IOIlp;-wlI\,,'h~l1Alh stllhilily I.Ulllll];II'Y,
IIn,1 sholt \1';(\'('I,'uglhs iln' <Jlily Sl'('11 ,Iurinp; ,~l"t'iltioll UI' illlnihilation ,'vI'lils.
5.2 Antllysis <lml discussion
III l.his s"I·l.i"l1. till' "XP"l'i111"lIlill l't'Sl1ll.s "II ll1<' hruke'll-pal"ily Will'" .• prl'sl'lIl.,'t! illiovl~
II'illln' all;II,\'1.l·,lllllll 1'"mlllln'll with tl1<'tJl'(,ti"<l1 pn'lli,:LiullS (1,,!"ivI,,1 frol?' IlOlll tilt'
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Figllrt· r,.I::!: TIll' 1llI'ilSIlI"(',1 !':l:khilllS sl".!,iliLy Iltllllld;I1"'y [or I.ravdiuA \Yaws ill "III'
l'xpt~ril1Wllt. fur tlll'lT vallll:S or 11". Olilsirlt~ 1.))(' lHJllII,lary tIl<' lilt.!!,l'!"s 111',",111'" 11ll-
stahll', n~sll[Lillp; ill tlw nt';llioli or" II"W lill/?"'r Oil lilt' IlJlI/?,-W:'Vl·!Pll/?,1.11 sid", ",. iu
tIll' [u.~s IJr it filiA")" Ull llll' shol"l-witwll'll).(lh sid,~. Cird"s; 1',,;:0: ::!IK IlitlI/S; ll'iilll.l!;ll's:
1',,=:Wlllltll/Sjsl.ilr.s: ",,='l:W IlIIll/s.
5,2,1 Uniform trnvcling waves at low II"
nil 1'1Irit.y·l,n'i,killl!, bifllrnLl,iuli fruill a sr,ill.iollilry pa!.t"'·lI t", it llilifurm ],ruk,'n-I'aril..\'
(r..:I)
Fur til<' spa1.i;dl,v 1I11if"l'm trilVl'lill/o!; \I';'VI' st.. I,' \\'1' OI,Sl'l'l-l'!! ~i1, IU\\'l'r ,".. I,l!'s \If t'".
1,110' p;,u"'I"IIS I,,'nom' II1U"" alld lHUI·l'lL~ymlll,'t.ri.. 1l.~ "1 II';\S illnl'as\'ll, as nLIl Ill' SI"'l1
ill 1"il1._ r•. I. Tin' ill''l'I'as",1 as,\,lIlllldry II'lIS WTOIllIMllil·d I,y <III inn"ilsl' ill pl,ilSl'
in I.II!' ;lSylllltll'1.I'y, til!' 11"1)('1111"111'" uf 1'« Ull "i shown ill I\~, r,,:1 is n!lll1.lily 11"1,,,1
0111' lI'uul,[ ('xp("'I, frunl Ell. (.'i.2). To 11l11k,' till' <,U1tll'lll'iSOll lllon' nmnd.., II'" IlIlist
'1l1anlify 1.11<';'SY1l11111'1.1·Y "f1.111' 1'ill.ll·I·1I l\n'uldinp;l() 1':'1, (:!.'IO), llll' fllll!'1.iunlJ(,I',I)
pOlrl.inil;l1· I,iull' I, is
"(.rj=f:",i<"Usj"./·+tll,isilljfl":' (!lA)
)=1 )=1
\Vh"fl'l/ is till' flll1dilltH'l1!;iI I\'H\'" 1l1l111111'r "f 1.11P 1';,1.1."1'11. 'I'11l'l'!' is il ,Jl',lI;l"!'t' of
fn·,'tI"l1' ;1\·~lilahl .. t" liS (,I,roll/1.1l t.1l .. d,·linitiuII of til,' poinl ,I' = (J (i.,... tIll' Iwillt or
~,\"lllllH'lri,'_ \\'" c111"'~" lll,l' z,'n. I",illl ~" I bal 11,,- ",,,,jli,-i,',,l ", := ll, 'I 'Ill IS W,- ,-,'"si,l,'r




F,,1' 11 ~Yltll1\d,ril' pll1.l.I'1'lI. all "r tIll' /1) slllml,1 1>1' I"IIWI I" Z",'", II'hil,' ll"UZ,'l'lI ",s
iuqlly 11 ,I,'~n'l' "r ll~,\'t1It1ldl',I'_ Th.. 1.u11l1 1'''\\'''1' ill 1.1". 1'~'lIri,-1' sl"','lt'll1l1_ whi,'h i~
iU,!t'pl'lltl"t1l of I,h,' 011."\,,, ,'h"in' "I' I'lwsl'. is ,'qll;ll III L("; I· ";). \\", ,Io,HIIl' 1,11l'
;1~ytl'lt1l'I,1'Y IHlI';I""'I,,-,. A 1l~
i_I~_, ;I~ till' ,~ll'lilr<, n",l,,( till' rractiull ..( 1.111' 1.,,1.;,1 PlJ\\'I'1' ",,"Laitlt'd ill till' ;lI1li~,\'III'
\\'i1h If(,f) ;: "I I'''~,l' + u~ ,·"s~.r + h~~ill ~J'. 1'",,1' tltis illl.o'rrll<"'_ L!I" ;'S,\'IIII,,,,lr,\' H~
or lh,~ WilY A is ddilll'd, it nlll IIl'V,'1' Iw IIlWllivl', i1ud till' sign "f till' i1s,Ylutlll'l,r,V, ir
,ll',~in'd, has lo Ill' put iu hy limll!.
Eud, ilillivitlllalliup.,'r ill t.11l' ImUI't'll WilS 11'('11 lIollri",'tI'Husf"l'llll'd ;l1ld I,ll<' n".rli·
t'i,~t1ls IIj alld IJj or I-;'j_ (!"I.'1) w<,1'I' UIt1;liIU~11. 'I'll 1"<'111,,, lIw p"iul ,I' ;:;; II slI<'I, llllll, 1Il"
mdfici"nt{'l ;:;;O,w";'1Jl'ly lIll'lrallslal.ioli
('.!I)
1111,] I" = 0, ,HlI'1" drUIJllillJ.!, 1I1l' prillll'S UII ;/;', UJ ;,"d I~, \\'(' ,l!,t'l E'I. (.'1..';), ,111.1 ,',Ill
l.1ll'llf""knllll"Allsinj.\I·:q. (!i.{;).
Sallll,ll' ,"<'Suit:< "r this IIn,n',I"l''' ',rI' shuwll ill Vi).!,. r"j:l. r~ildl 1111'i'Slln'IllI'ul
bilS lu~,lt av(~r;',l!,I'd OWl" nmp,ldy Iii',' fillp;t·r.~ ill llit~ n·I11.I~1" part uf L111' pattt'rI[. Thn
firsl. !.t'li Fouri,,!' si11l~ 1IIId ,."sill(' cO( 1!kil~1tls for llw Sl.,ltilJlHtI'Y symllldri,: 1J1lU(~nl of
pIlH"rn lJf IIi).!,. ;;.1(1')' lI"l'e LIlt' paU.'rn is d,-arl)' iisylllilldrk. As '·XIIl'r1.(·,I, till'
,'ulIl,rilllltillllS uf 1,1)(' Silll' lc'nn.s tu lI(il:) ilrt~ ,si,e;l1ilkilnl ill lids ClIS(', with til\! :!.q
"UII1I'lJ!U'lll 1).(~i1lA slrull,I!,('s1.. This IliLlll,ru h,ls A = U.:lr, ± 0.0:1. W .. p"rronlll,d l.hi.s
ililalysis 011 Hlluf 1I11' IJHtll'rns n'pn"'I'lIl{~1 in tIll' di.t.iI flf Fi).!,. ;'.:1. r~iR. :).1,1 is a plHt
"f A~ vs. II;, aud shulVs l.hat A~ /!,W\\'S lilll'ndy frolll l::NO ;dw\'c' 'I (Til.il'ld \'('hwil,y.
Eq. (:;:l), IHlII"'wr, alsu illcltu!t.,; a I.,·rm ff~•.. \.\If' )l('rfOl'llU'd n IPilsl.'SqIl1ll'C>S 111
tu l.11l' dal.a uf Fi/!,. !i.I'I, IIsill,l!, I·:q. (:;.2) as 11 liUilig f1llldioll, with II = lJi -Il;, ,lIItl
11.• in/!, ullr lu.'aSlln'llIP1Its of tIle! paUI'rn's w;\\"~lIl1mlwr 1.0 ,ldl!rmilll~ rPr. '1'111' lit ,l\avc~
I = n.:! ± l.l>, i.I'., ( was l'qllal 1.0 Zl~m within ullr 1I1lcC'l"tainl,y. lIsill,l!, ( = 0.2, WI'
fUllwl t.111I1, tlll~ I.l·rrIl11).. l'Olilrihlll.l~d roughly 2% to U1<~ right-1m ", I si(h'uf Eq. (2A(i),
1111Wh IPss 1,11,111 till' Hlln'r1.aillly in A. Wt' t1l1'rc.fol'l' IWAII"·!. tlds I.c'rm, ,l1td lit ll1<~
;ls.'·1I11111'I.ry tlat.a to iI sqll;lll' ruo!. law in till' 1"olnliull sp''l'd Iii. \Vc'lincllJ; = :J.!I±U.7
!lUll/S, ill 1II!.n't~1I1l'111. willi till' \'ailll' fOllllll frulll 1I1l' daUI of Fig. !i.;~, lUltl
A~ = (II,OI2!1 ± U.OU(7)(,,; - (:l.!1 ±O.7)), (!i.tU)
wil,h II; in IIl1il.. of llllll;", Thlls t.il,' ;lsym11Jdry int~"cilsI'S t:ollliull11II.,ly from Zl'l'U with














Fi~Ill't:."i.I:l: F(JIlfiIT'I111I,lil.II,It's"I'1.;Iill,·,1 fnUl1 fo'llIlri,'rlralISf'JI'IIISt.r(l'} tll'·sl.;,l.j"ll-
;try ~mltl:l"Il ur Fip;. r•. I(ll), IIwl (I,) till' flrirl,ill~ I'llll"flIOf Fiv,. .'i,lf,'). TIll' ,·in,lt·s











Fig:IIlT ..... 1·1: TIll' Sl[lIllrt' of 1.1)(' nS)'Il111wlry par<lIIWll~r, A'l, ill' 11 flll1diull of Vi, fur
111l' Sill1W path'I'tlS 1IS in I·'i~. fl.:!. 'I'll(' symhols an' as ddilll'd ill Fi,\!;. !'i.a, allli tl)l'
lill,'isillitl.ul.Ill',[aLa.
..... = (lUi ± 11.:1) +(Ii.'! ± II.S)A. ('0.11)
Ili[rl'Tt'll~ rTtJm i\t'rt>. IIII~ \\.•• mlll-Illat an int.·ro'.'I'1 .'.1111,1 i1ri",· ,lilt" hI" II,'IIZ.-r,. ~~ii
~.·rl1l ill Ell. (~A'I) ir LII.' I'"Llt'rll \\'I'!1' llut lll'rr.·.'ll.\' 'lIlir"r1l1 n~ ;1 !1-:;uIL "L rur
l"Xamll!t-, ~nlltll imp,'rr,'.·~itlllll iu Lilt" l·xp,'rillwlll.nl ('Pllllt'llLulI,
HSyl11l11t'lry.
iull-rarlium; IM·tw"·1I 1I1l~ti~J m'MI.'S ill lIlt' pi.tt.'TI1 wi~11 \\'a\',' 1Il1l1l1 .. ,!'S ,/ allrl '!.'f 11,;,,1
to tl1l' pari~)'-llTf'ilkill~ hirllrnttin/l. III Ulis mul.·xl it is 1I~~dlll h. ill\'l-:;liWll.o· tl,,'
Fig. !i.16 pro'Sl'n1s tllis ,Iall! rur II~ = l'I:l,N 1I1111/S. Fi". !i. [fila) i:'l a pJut ..ruw J-i"'r;"r
anlpJilll,I.'S or 111,' lin<L rUllr 1'\'1'11 .'WllpUI1t'1I1s ..r tIlt' I.;,ll<'rtl, i.•-.. fll."'l,'I:.. ('11,1 ,,~
;,~ it rUlwliun or II;, nue! Fi,r;, !i.W{It) i:'l a 1,lul ..r L1,,' Fuuri.'r 11l1ll'lil.u,ll·lI ur UII' ,.. t.!
r"IllIIUIWULlI, I~J,/~h 1t1l,I/,~ (r.'f'alltllat Itl is ~d .'II'Wllu )(I'I'U), FiltHily, Fi~, .'i.lfj(.')
~llOlI"S lllr.lulld i1l1lplilut!c. "r PHd, I11UlI,·, (/If +"f)'/'l rur j "'" I, <!. :1,'1. III all "a~I'S lilt'
Hl1lplillldl~~ hilVt~ 11I'1'1I lIunmtli)(,'d hy tIll' '1I11IIItit)' I', Wlll't"l' /''1 = ~llIf + Itf) is tIll'
lulill11owt~r ill tlw pall"I'II'S spali1l1 FtJl1ril~r ~pl'(·lrlltll. StUllt~ w'r...ral tn'uds <""II III'
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Fi,l\llrt· ..... 1...1: 'rill' IlllUl'rll's IIIIHS" \'l'IlJ("ity as II rllildioll ur its IlSYIIl1IU~LI'Y for tlllifurrn




































ri~II11' .'i.ll); Tll(~ lif~l r(~1I' FlJllril'r ~ill" alltll'llSjrll~ il1l1llliLIl,I,~ "r L11l: I'i1Ll1'n1 a~ i'
rlllldj{)lI uf tlll~ mlltrol ]lilranll'L"r, ,Ji. All alliplillll!l'li l!"v(' IJ(~~1I llonwdi;l;l·d I,y till'
slllllln' f<.Jut or till' total sp(~:Lr;tl 1>UlVt~r ill til!' p;,Lkrll. (I') C"sirw ;ulIl,liLllrl.·S, IIJ ;
(I,) sinu Hmplitllllr'S, "J; (,') t"l;oI llluol"illllplillld,'S.
tlw "II,plil,wl,' or till' "w;(~q;r;) krill st"l"lily c1p''rI'as,'1l \VI,il,· LIIl,L or tlll~ sill(::!q:l')
lr'rlil ill'TP;'S<'s. '1'1,,· 1lI111,litllll.,s ur till' lirst 1,111"'(' sill,' ll'rllls in tht, ftJllri,'r s,'ri,'s
i'IlTl'ilS" lilU'"rly with IIi; 1I1l' ,~I"I'I'S or li,li'S throll,c;11 till' ori,c;in ilud Iitkd to till'
-IUlII'!:, ± (I,1I0U:! rur till' s,'<"Owl, lolliI'd IUlIl rUlIrtli hill'mOlli<"s, rl'Spt,,·tivdy, ill lInits
lirst harn"!Ilk (If) or 1J1I~ Pl\,t.l<'rll Hlld that or til"' Sl'l'Illll! hilr1l1l>ni<' un al'l'slI,:h lhat
1I~ = ~,.,'~, itS <I,',~rrih.,d ill I':'!' (V;!i) ill Chapt"r:!, 'I'll,' (llorl11illi:wd) 1tllllllitll,I,' or
till' S<'l"IIll,1 h'I1'tllullil', (I/~ +f,~)'/~, is p!'-'Ltl',1 ap,l1ills1. tll"t or till' fir.~l. fll, itt Fi,c;. ".1 I.
till' :!'I tuml" is w"'Ult)plUlil'd by 11 lill,'al' ,1"n'I'i!S" ill thl~ stn~lIp,th or tJl\~ (f IIwd.',
'I'll<' un!r'l' pMillIll'tl'r or tlw parity-I,r('Hkil1p; ill t.II,' 'I -::!'/ mudd is till' I'11iIs,'
lI1istllHt.-lt. ~ = :!,p - (), as .I,'liul,.1 ill s.'etiul1 ::!.:!,:!, Ikl'l' ¢ is till' pltilSl' of till' "
11I",lt' HIld () I,lli' I.hils,' ur 1.111' :!If 1110dl', In 0111" IInalysis, WI' fis 9 = (} by (JIll' r'1mk..
"as,' will tllIlS .~i1tlpl,l· I... "'I'H,I1."
(!i.I::!)
Si'll'" 1.llt, i,l}:,"],r;,i" sip,1I "r till' 01',1"1' 1)((l'ilI11"kl" i,~ 1lllilllportallt. III tilt' (/- :!'I Illud!'l,
t.11l' pllrity-h",'"kinp; l.irllrnltiol1 is S1I11l'rt:ritit'ill [aril, ilud :;0 till' (Jl'(I.~1' PiLrill1Wt('l'
sllll1lld P;I'''\I' lik" Ilu,.~II'Hln' ruul. of 1.111' t"lIlI!.I",,1 pOl1"allH'I."1" 111'111" 111,' umH'l. OUI" data
f'lt, II <In' 111,,1.1.(',1 itl Fip,. :"•. I~. as a fl1l1d.illll ur \JIll' l'llllll'Ol 1)1(I'1UlI.'t."I· Vi. \Vithill
till' ,':qU'rinll'IlI.'11 sl'"U-"r. I,ll<' n'liltioll~hill is lilll'"r, 11111, till' Iwst straight-lilll' lit to
till' .I,,(.a pl1SSI'S (.hl"ull~h () = 0 ;ll a \'"llll' of 1',' sUlIll'what 1011'1'1' Until 'f!i. Frum Ollr
Ilatil. II'" ('mllllli. r1l1l· Ollt. 11 sll"an' I"out p;rowth ur till' ordl'r parllm<'1.t'1' \'I'ry dosl' t.tl















Fi~lll'l~ .=;.17: Thl~ tulal Hlll]1l itlUlt· uf till' .~l'nl11,1 slHItialll;LI'lIH!II it:, (Il~ +/,~ ll/~, ['1"tll·,1
a~ail1sl1hal uf llw flllllhll1wnl,;II, 1'1. TII'~ aml'litll,lc~ ;'1"" lIt>nllilliZr,,1 as ill I"i~. fl.!li.
1\11 illf:rl'ilse ill till' sll"l'll~tli uf Ull~ sl'l"ullll Il1IrllllJllj,: i.~ 1Il:<,UlJq'HlIi"d I,y a, ,1'·nl·iI.~,. ill
lhaluftlwfumhmwnla1.
Fip;l1n' !i.I:-i: TIll' phaw mislllilLdl 1l11P;],' 0 ilS a flllldiull uf 1I11~ nl1l1.1'U1 parHtIldn Iii.
Th.. 'I - '2'1 111\,,1<,1 I'f('clit'ts 11 SIIlI.ttl'-nUll n·IHLiollsllil'.
po;nl), \\'hi.-ll 11"11111.1 impl.\· all onsl'!, rlos"1" 10 "~i. hili n"r,j" \\"t' Sl~' ;1II.\" "l"i,h·Il... · f"r
lliis in our d,(t;I,
Fillall,\', tlH' l't'laliollship 11I't'\"~'!I phas,' sp,~'d <111<1 ord"f p;lf;lllll'lo'f is '\' =
til(' analysis UfUlll' ,Ial.a. \1',' .e,1'1, fllf lh"I'"n"ru's philS" 1"I'1.,";1.\"
".. = '~Sill ~ = (,,~ ~:;~)I/~ .~iu II = I~J!+ (r"I:ll
sjll("~ ,l.,' = (,,~+,,~)1/1/'1., W" Im\'1' 1,1"1.(,,,,11.11,· 1,111ls,' sl,,~',1 ;IS il f'IIWI.i'lIl "I' I'd'f iI, I·'i.e"
,"i. I!); ;'s l)duro~ "2 hns h'~'ll IlufIlUl]i~,',II),y till' <julItltil,.I' I'. li""rill.e, iUl1lill'1 Ulilt !.Iu'
.I;,lil sluml,1 /!;" Lhrou/!,11 l1ll~ ul'i,l!,in, I\'C' ,10 uol lin,1 1.110' ,')qJ\'I'I\'I1 li'Will' n']'ll.i"llshil'.
HaLh,~r, VI'> ~f(JWS lllUl',' slowly lImu lilH'arly willi "1/'" A,·lll,dl.\'. if w,' II",~I,"·I. 1.1".
vlll'ial.iolL ill \I'a\"'lIllll1l,,'r with f';. 111<'11, silll"t, I',. rx. "1/2, \\'hil"/'2 \I';,s 1'01111011", j.',r"II'
lilwilfly wit.h "i, WI' c':\I" ... l1.o lill,I"oJo r<. b.~J·t. 11IIh~,tl, th,' d,'l" ill I:i.e., r,.]!1 ;,n' \\",11
.I"snib".1 hy il Sllllan~ fOUt. rlllwtiuli.
It is d""f thilt till' pl"('di.·tioll,~ of ll". 'f - i'l lIu"I,,1 ill"<' nmtr;lIlil'l.,'d I,y "III'
1~)(PNill11llltnl n',~lIlt ..~. 11. is I'lJ,~sihlt~ that 0111' ,lisil,l!,ro'I'III'~lIL wit.h till" 11I,,,I,'l ""II1l'S
abouL Iw"1l1w.. Uwn' al'l' 11101"\' than just twu nUIlI"s \\'ith si,l!,lIili"'ml. stro'Il,l!,1.1t ill "lIf
paLl'~fIlS, As Fi,l!;. !",.[(i(e) shuws, tin' tI,i,..1 111101 fUllrth Ilamll>1l;"s IWII" ililiplil.lld,'s
"II Lll\' tJ1'lkr of IO<W% of lilt' fllllllallll'IILal. CIIr'nlllillS ,'I. HI. [,";,1] af,l!,III'd 1.11;1.1. 1.IIt'ir
Wl~r~ IteCl:ssary, Ollr l'l'Sllll.s aw 1:t1llsisLt'lil witl. lis.
Allollt"l' llossil,ility is that 1I11' If - '1.'1 mudd ill r;wl, doH'S ilpply I." Hill" sy,~1.,·m,
111ll uuly II(~I'Y dusl' 1." tIll' l,iful'l'i11.iuli. III till' l'xIWrillll'lll,,,lly :""'l'ssildl' ft',l!,i"l1 ,,1"'111'
llu~ tnI11S;tioll, "OITI'I'lilll1s I.u L1lis m",]l' I'n'~llllliOloly innu'I">r;d,ill,l!, UI" "If·,<,·ts or
















sqlliln' rout h,·IIII\·iuur dos,' I" 1.11l·II'al1.~iliu1l, illl,1 1\'1' 1'11111101 l'Ul1'lllis 'lIl1 f1"llll '>111'
Fiuidly. it is nJtll'l'iv<ibl,' tlli,l. ,mr !l11l'ily"lm'"kill,l!, l.irI1lTil1.i"u cull"l 1"('sllll. from
01 ("ol11l'l"kl)' tlilf,'n'lIt, mill lIS )'1'1, 1I11illl'I'Sti,l;1I1,'d, 11h'r!1iI11islll, 1II11'l'lail'd 10 l1Iud1'-
1'''lIplil1~, III this nIS'~. sinn' till' 1.IIt'"r.\' loi,s",1 Oil S,\"lllllWlr,l' ar).\lIn1<'lI1.s !:!:" 21;'
would still Ill' I'alid, l,u1. tll"s,' sl"~'ilic 10 1,11t' 'I - :!.'I 111,,,1,,1 \\"Ullid 11,,1.. 11 is 11'''I'lll
l'1I1phOiSizillp" IIU1Vl'I'I'I'. 1.lIill ,,-'1.1/ "'Jllplillg lIilS Iw"t1 lls,,01lu f'XI,llIill 1.11,' paril-,\"
Ilrl'akil1~ instabiliti,'s o!Js"n'I,,1 ill 1.11,' rlil·"I'I.iullaI1·oolil1p, or "'·lIlill.Irs 1:17. :Isl al,,1 ill
'I'ilylor V01'1.t':o< flow PHI, A hirlli"l'<ILioll IIlIalysis or 1.1ll' 1'/I"illiuIiS "f III"li;," fur I,ll!'
llrilll,'r's il1sLilllilily lVolll,llldp ttl n~ul\'t' this issill'"
5.2.2 NOllllnirorlll tl'avclillg-wnve state
TIll' il1llllysis aloon' is f'WllSS"rI 1m lilt' 1Il1ir"flll 1.r;,vl'lilll-\ Will'" wlLidl ,'xisl.s \\'110'11 "0>
is rt'lativI'\Y I"IV, Wh"11 II" is 1I1,oVI~ 1"',7 Illlll/s. lltJl1l111ifu1'lIl l,aU.t'I'IIS 111"1' ,,1'SI'I'l'l'rI,
II'HI1 ()\',~r sllfli('il~l11.ly fill' UlaL fI(,I') is !Iut sjll~II' \'111111',1, liS 1';1I1 I". S!"'II ill I,'il!.....,....,.
11111ILipl".VII!JW,[pIl1.l."1'Il, irIl I'xl.n, s1.,·p 1I111Sl. I", ;"1,1,,,[ I... 1.1"'II1·,,,.,·,lul'" r1""'"l'il",r1 ill
llw I'l"t'viulls S,'t:tiUII, COlIsi,[I'r 1.11l~ pil\"amt'1.l'l" I, whidl IIWIlSllrt's t.11f' 11'111-\1.1, "f 1.11l'
I'IIl"v,~dl'lil1l~d loy llll~ illl.{'rfiln~. Itll'UIl1.l'lIsl1.u 11(,r), till' flllll'ti'J11 If(ll, i.,'" I.Iw Ilf'ip,ht
uf 1111' finp,,'!" ifS it rUlldi,," (If till' ,Iislann' 11I1'ilSllrt~1 Hltlllj!, 1.1... illl.I'rfan', is alwilY.~
Silll;[l~-Vilhll'll. An I'Xl11ll1111' is shown ill Fill.. r,.:W(l".) whi..11 sh"ws 1.11<' fllll<"1.iull 11(1),
In,nsro1'lllt'd fWIll 11 IIHr1tiJ!h'"Vidlll~,1 fUlldi"lI 11(.1') fOI' I,'i/!" "'I,."i{I:), W" tlll'lI wrill'











Fi~llrt' rl.~(l: (;1) '1'111' I!HUt'TlI of Figllrt~ fl.I(.·} lrallsful'llll'd il11u il ['llIdiull //(/) of till'
h'lIg1h alulIll; tht· intl'rrlln', (Ill Tlw !"1I1lTil:t 1l11l1'IiLlldl'S of till' LrallSrorl1Lt~tl paUl'I'II.
(,.) Th,~ I11l1ltll'l.·-\'IlIIlI-1l illll'trul'!' p/lLkrll uf FigllTt' fiJi(l') trll11sforl1wd us in (il). (II)
TIll' FUllri"T illllplitmll':lllf LIll' Ll"im~rllrl1ll ...1 ]liltkTlI.
Il =i' rlll~':\") +I ,/.1'.
~hUI\'11 in Fi).!;. r'.1 (pl, HIl,1 al~" UII 1.11" 1ll1111.il,I'·-I'ill'I<·,ll'il1.tt·1"l1 .~llt'II'll ill Fi,a;. r".",(,,).
Fi~. !i.:W(il) all.1 (h) shuw tIle' lnlll1<ful'lIl1'.l fllllrtjull I!(I) alld ib Ftllll"in illlll,lil,'lIl,~
fill' lllc' sill~It"VidlH'fl paU"l'll, which has A' = U,IS± 11.112, Fi~. r,,:W(,'} illld (<I) ShUll'
tlH' sanw l"I'slllls f"r lilt' 1l111Iliph'·v;d'll'd fllllrlitlll, wllidl hill' A' =11,17 J; u,n~, '1'111'
'1'" d.'l.,rtllillt, lilt, ..1'1"1.iolishil' lot'tW""1I A' illid A, II'" "ill ... lIal,'d ],,,1.11 A illI,1 A'
fm all uf lilt' data shown ill Fi~, !i.lt TIll' l"<'sl1ll,:< ill'" "I,uw1l ill Vi,a;. r,,2!. \V" IiI
lllt!.lal.a lUll llOw"r IIIIV, A =IIA"', ilnol fllllmi (/ = 1,IlI ±(un, itllolll =11.(;2:1.:11.112,
1l1l11tipl"'vaI1lO'cl PIlUt~l"IIS.
l:orrt'llp"lIIlill~ [~tlllrit:1' ,'odlid"Il!.s \I[,1.1Iirw<l frolll 1.111' ]HlUI'nlS, W.. lIll'll n,[,:lI[;'I.,'"
tlw two aSyl1lllldl"y IIlL1'atnd"I~, A,lInd A' (If lhis 1I10,lc'l I'allt,nl, with V;1,lolt~ ..f











Fi}!,lll'(' ri.:ll: 1\ 111,,1. or 1.11<' 1.1\'1> HlIY1111lw1.ry jlllrl,md"l's, AI V~. A, lll'lnlllilH,,1 [nlill









Fi~lIn' ;i.:!~: A plul. or 1,111' two 11.~yrllltll'l.ry IHll'iIItWtl'I'S, At vs. A, 1"I,kl1l;o1,",l r"OIIi
simllliLlc~d ill!.c'rrw'c, l'at1."I'lis il1< disr:lIss,~1 ill 1Ill' t,-xl. TIll' .lilli, sds rn"11 L"I' t,,,
hulLum hay!' (l~ = :1,1/2 = 'I, i1i1/1/12 =."1.
111 llw f"lImvillA, 11',' will 1't'l'S('lIt toIll' rI'Slllls ill 1,I~nIlS of tin' IHll'illlW1.,'1' A fm
A ;I,~ ;1 fllrll'liu!I of nmLrul 1'111'111111'1.,,1' ", 1'01' I Ill' 1',1111<' CilS,' ill' ill FiA, '.,K l\s "1111
I... M"'II, 1.111' IIS.l'IlIlIIl'I.I'}' dl'''pl' :,t, till' 1'i1111l' Iwill1. il1. II'hidl 1.lU' 1'11111'" slll~',1 dr"ps,
fnllil "I,UI'" alld I,,'lu\\' tl,,'julIlp rail un I,IH' sanl!' nm1.illlluns ""n','. 0" is Iiiit'llI' ill
A ill 10\\' HSylllllH'lry, il~ I'011 lid fur t.11l' spilliir1ly ll11ifol'lll pa1.h'l'lIs, 11111. in ,'OIlI,r1l1'llu
,,r l'sil'l,I'II"" "f till' II'lIl,,'lill~ ~I "l,',
\\0'" "Is" 1,"'"s'ln~IIIr,' il1sl,111Ilillll~!I1S slll~',l, tllt' as,l'lllllll'lry all,l du' \\'ll\'t'I"II~LII
ph,t. "I' I,hil.,,' SIIt',',1 I',~, 1IS.\'11ll11l'1,I',I' fur tit" ilitlil'idlt<IIIiIl~Pl's ill tIll' jllll1."l't1 Sllu\\'11
ill FiR. .""i!iI), ill' 1\'.. 11 liS f"r lil1l!pt'l' frolll paUt'l'llS with 1.\\'U "tl(('1' \'ilhlt's "f 1.111'
",dill,I,'r SIU~',ll', Th,' (ill~"I'S itt t.ht, paU,'l'tI ,lispl,I,1' a liw'llt' ,1"IJI,tlll"lWl' of pllilS"
sl"~'oI "" as,\'1I11l1t'1 1',1', ill' ,lid Ill<' Ililifol'ltl 1.rOlwlill,\!, 11'11'""1', Stt'ili)!,ltl-lillt' fit.s Lu 1ht,s"
TIll' 1'1"1'" uf Ill!' 1111' I'.; v,~ A ,l!.n'l,h is til!' l"lI'1I111<'1.t'r w "I' I~q, (~,+I), 111 Fill,.
.",.:.!.",(],) .....' is pl"ll ..d itS 11 fUlld,i"ll of I'", It ilwlll,ll'S 11 poinL from tlw data Illvllt~1
ill Fi,\!" ;"1.",, r"r til<' ltllif"nll l.rlIWlill,l!.-\\'ill'l' rill"', Fi/!,. ,;,~;;(],) ilt<lil'1I1.,'s that "-' is
1'1'<11"11'1 iUlial to I'" - I'"" wllt,f'(' 1'",_ is tltt' \'"Itt" or "" ill, II'hich I.IIl' s1.il1.ionllry till~I'r
1,,,11"1'11 111'1"'''1'1' II"h"1I "~I = D, 1\ fil lulllt' ,[i1t11, sltUlI'tl illl1ll' ri,l',lln'a~ a (l!lsllt'd lilli',
~il"l's ...., = 10.,10 ± ll,n:I)(I'.. - I'",). with ".., = IUi'I.T ± !IA rnm/s frulll t.lw lillitll.!;, ill
",t.',n"'llll'lll witlr tlll'UIl'i1S11l'l,,1 I'aillt' ur I'v, = IIIJ; ±:!.,., mill/s,
























Fi~lIrt. r,,:!·I: Tril\·,·lill~"IH·"11. I'", Hi< H fUliction or nSyllLll\1'lry ill. !'~ = li'l.:! I11m/s.
TIlt' "110'11 and solid sY1l1I1u]" illd;nl1.t~ dill-it fro1l1 Iwlol\' illid 111m'll' llw trilliSililJlI ill
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Fi,l!;III"l' ."i.:!ii: (il) Thl~ 1,IHlS" sl'l·,.d I'lolL",1 aA;lill.~I, ;,sylllllwl,ry fur ";",Ii lillA"r ill
L1m~! !Iollllllifmlli IJlIlkrll 11.1. ,IHr"fl'lll. l"},jilllll'l' Slll,,·ds. (:jr.-!'·s; II" :::: 1711.:1 HIII'!S,
"i = ~:1.7"') 111111/1"; sqllill"(OS; ",. = '!Ii.i'i 1I\1II/'''i = !'j:'.,I:! 111111/";; It'j;IIIJl,],'!'i: Il,,:': :WI.'I
111111/1", l'o' = .1.'),-11 111111/S. TIn- ,llIla shllwl1 ii." trillll}!.I",.; an' fnull till' l'"tl1'l"1I "f Fi,l.!, .
."i.i. TIle' slopt'S of tlw lillI's Lhruu/!;Ii I.lw ,laL;, J!,iVt· till' Imn"lwl,'r w "f 1';'1. (:!.'I'I).
(I,) W Ill" il. flllll'lioll of II". Till! rln']"s an- fruill (;,j, illid lln~ lI·illll,C,I,· fl"o'li hA. :;,1.'""
TIll' ill'roW illc1irH1.(~S II,,,., tht~ u!lsd, v;dll" f"r tIll' slatiullilry liu.l!;<,rillJ!, paU."f1'.
(,'IIII/lt"r !i. f,,'xfJ"rim':"',I!II/I~~'II/L,~ wiLli (,'yIi/l(lf''',~ (,'uunt,:r-/(oL;,tillg ll/i
ill 11111' ,·xp"rillll'lIls. This Ilwy Ill' a l'l~lIll tJf till! fad th,ll, w Il'wdll Ill' VI'l'y small
'I'll" ll'lIlporal "ul'xisl"IWI' of till' ,Iisurrl.,rt'd sl."l,' willi tlll' lIoll11nifol'm lral'dilll!,
l'i,1.I."rIl n'p"rl.,:rl ,i1"",,' is also illlc'n's1.ill1!;, TIll' illtl:rllliUI'1I1, llPIW<ll'illll"'S uf t.11<'
,Iisunl..n,d 1'00ltl't'1l ilrt' t'dill"d "" till' wilvd"IIp;tIH'llillIll,inp, trilliSili(/li 1\',' tJhSl'l'\'I'd
till' rliSlll'rll'r al'l'l'ars 1Il1ll'!: fn'll""ully 11l'ilt' 1.111' LnlllSilioll -- ImL tIll' lH1tlll'I' of till'
,list'lIJ1tiuu by tlll',lisIln!,'n:,ll.llrsts, ;lsI,,','Ls vftlll' 11I'!lavillll1'll"ril'l"1 ill LI,,' "(lUll'Xl
of sp'll,inlly-lIl1iflJrml,rukt'lI-pllrity 1\'itl'l'S l'I'lIlaili villi,1 fur ullr 11lIttl'ru,~, I\llul\' "i, 1.111'
l'il1,l"!'II'S 1lI','ril).\,'pII1lSI' sl",,'r1, "<t"j.\t'UWS;\S tIll' s'l"iln'l'""t "f ""lind tJlI'l'SYIl1tl1l'tl'y,
1.111011).\11 IIl1isi,'l', is aiSt. Prulf<Jl'Liou,d II> ,'i t \ liS Sllllll'll ill I~ip;s, r;,:S ilnd r;.:!:I, Fi~, r;,:N
sh"ws tllilL "0/- is pn'IJlJrliolliil to A III luI\' SI)l'I"!. Tlll~ linl'"l' fl']al.ilJllship lJ!'twI'I:1I
"+ ;1I1l1 A als" h"I,ls fUI' llll' ilidil'irlll;,llillp;,:rs in tIll: lllJllllllifOl'!lJ pil1.1 I'TlI ill. a p;il'l'lI
I,illil', as 1I'11S illllsl.ra1.l,rI ill Fip;. r;.2r;(1I), '1'111$1' l'l'.slllls iln' ilil ill <ip,n'('lIll'nt with llll'
I.lll'ul't'l.il'111 illll[ "XI)('ril11"lll,,1 n',~1111.s fur unifurm piltl.:rns,
('l1llllnilis ,'I. ;d, [''\'1] d,'s''rib''l! 11 s,'ri,'s or 1.nmsitiolls ill liup;l'I'inp; patt"l'lls in IIlI
I'XI"'rill,,,nl. VI'I',\' Silllillll' III ,ours, 'I'llI'il' "Xp,'rlllH'IIl.S II'l'l'!' !>('l'fonllL'd in tlw [,ulrlli
'1'IIul1'i11lL of Fi).\. 1.:1. Fi", r;,:!fi ill I.Iw pllilsl' dingrilll1 uf tlll'ir I'xpl'ril1H'lIt ill this
qll1ltll'ilnl. Till')' lixI,tI 1'" at 11 sillidl llL'~ilti\'t, \'alue, lheu illCl'I:lls('(1 I),. [It'yund till'
paril,y-Iol'l'ilkill" t,l'illIsit.inll, 1.11(' wlIv,'I"lIgth of tlll'ir [H,U"l'l1 lll'lTellsl'll. Tlwy tlll'lI
Slll1' a 1.rill1sitiull (frum ~Slllall" tll "Lilrpp" in Fig, :l,:.!{i) ai, wllil'h the 1\'llvd,'IIp;I.11 or
111l'ir 1',,11"1'11 ill<'l"'11S1',1 h,\' mllp:lIl,I' a f,lI'tol' ur 1.. ", I",fun' d""n:ilsillP; IIp,llill as IIi was
















Figure 5.26: Partial phase diagram from Ref. [8-11. Stat.: stationary finger ~ta.tc;
Small: short-wavelength traveling waves; Large: long-wavelength traveling wave!;.
rllrt.Jlt~!" ;rl':I"l'IL<;I"1. A<:,:ur',lihA to ViA. rl.:Ui, this lVav('I'~IlAlIl-dHllIl;ill~tnrllsitiull I'X-
ists in II lirnit",[ r;rtrw' or 11;, H IIi is fixl'd lit II \'allll' within this l'illlW', ilwl ""
irwf!'a.s,'d ill ,·oUIr!."I·.I·otatinp,dir·",·tillll, urll'shuuld ulosl'rVl' II \1"tv,'I"I),!!,th <1mI', as in
0111' "Xlll'l'illll'lItS. III tit is ':Hs,' lilli' 1"I'.sults lIn' "ollsistpnt wil,ll tl\l'irs, III ;llIotll1'r s"t
uf l'x)l,'rirr1l'1I1s, tlll'Y lix,'d II; ;rt a vahl<' J,,'y,md this wltV,·lt"lF,llr·l:haIlAiuA lrmrsillull,
illr,n'asl'oI lirll'ady with tit" Sljllal'l' r'H'!. or IJQ ttl 11 rn;rximrrru, a",1 tlll~1I 11"IT'·"s,',!.
OUI' l'l'Slllts ;rrt' .... lIsist.,·u1. willr 1.lli.s, ;IS sirowli irr Fip,. lUI.
(:rrrllrrlilis ,'1. ai, [~11J Hlso WJ!.I' lhat till' shllt·I.'WiJl'l'I(·IIp,1.h lill,!!,"!"S tlll'Y ol,s,'l'v,'
[,,{m,' til<' Wllwlr'lI,1!,llJ·,'!l;IlI,1!,illl; l.ralisitiull had \\''''I·'[''[ill<',[ WaI',·I"IIAths, !Ill!. S01l1('
.s"alt,·!" ill Vt'loeily, III nUll"'"sl" til" lonp;-wll,l'd"IIAlh firrg"rs ull.s"rv,'d Il!mv" til('
trill1,~il.itJlI 111,,1 ....n.si,I,·rllhlt, SCiltt,'r ill tlll'ir 1I'00Vl'1"IlAtlr, Iliit wI,1I d"lilll',1 vdul'i1.i,'S.
\VI' "IJs"rVt',[ II s,Vst"lIH1ti,' VilriHliun ill holll lI'aVI'I(,II~1.h ,1m] VdlWily with pusition
an' nUl ph,,!. All illll'"r1.lIn1. p"illt is t!rlll rot, 1.11<' IUII,!!"\\'al',,I"lIAlh [iIlA"!"S in 11,,1'. [~'l]
ilS \1',,11 irS rol' 11111' [l11l.1."l'lIS, tilt' \l'irl't'l,·tl~th St'!r'rtiull is Hot 11l'l'rl"·I., 1111,[ in bv1.h
t.II" Il,·hill'i"r ur 111't1~1'II·p;,,.i1..I' tl'1'\,,'lil1~ IV,IV('S 111'111' SplltiOll'lll[lIJral ,hor,'r1.s. Tllt,y
sl.lIlli,''[ it ,l!,l'11t'I'1IIil,;lI.irm or th,' nlllpl,'d "'1lliltilJllS, Eqs. (1.'1:1) and (2.,1<[), ill Wllidl
41 is I.lw 1'lws,' "r 11 rUllIpl,·),; 1i"ltl, and I·l"'otlsl.rlldl'll tit" ]lllHl'I'IIS llt'1I1' s,mrT,' alit!
silll; d'{"ds IIsin~ t.lH'ir 111",[,,1 fill' ,tlnJI'I' lIl1sl'l, TIll'ir I"l'snll,s 11I',' showil in Fi~, :;,27,
As ,';,n 1", S""11 ill Fi,l!" r,,:f;-, 1Ill' 111l'l"llilllisllll,y wlli"h finp,c'n, \'itilisil nt it sillk dd,'d,
in 1.lll'ir llI'lll,·1 is I','ry similar tu tll'lI. uf th" Erkllillis instahility, At lhl~ tl,{t~,'t,
I,ll<' ltrok"n,pill"il,\' "rd"1" [Hlraml'l,"l' llppmlldll's :wru, whkh ,'ilIlS''S distortions or till'
f!,tH,'I'll, <'I"s,' Iu it sillk, tIll' 1J1It,l,'rll is l'oll1pr,'ss"11 11I1l! its pll1ls,~ sp"l,d is sl1\alh~1'










Figure 5.27: Two lypes of sJlalioLclllpural grain lJOlltllJari(~s for lr;\VI·liuK WiLVI~S (Will
Ref. [271. (a) 1\ sonree of lravding wavC':Sj (h) a sink. Tir1lt~ fUllS from botlum lo
lop.
I'n·violls liXp"rillll'1I1S \!II llin El~kll1llls inslill,i1;Ly ;11 t1"ilVdilll;-lViW'~ sysl'~l1ls 1r.'I,
r,li, .';7, r;sj 1FH'lItiun"d ill (:11111,1.1'1" I Wtin~ d01H~ 1Iy 1l1i1lliplllalill~ Llll~ sysll'lIl so liS
I." all:';!l a still!> willi IIIl ilvl·r;I~" wav,·I,~n/!,lh uul,si.lt, "I' Un' l~l~khlllls-s1.ahh' hillili.
'I'll, "\'Ullltiuli "I' l1w IIHU"l'1I was 1I1l~1I s1.lHlil'll. TII(~ E,'khaIiS illsllLhili1.y is ;1 ph;ls"
illsl;lhili1.y, "lid al h,s1. illll.illlly, 111llllil't'S1.s iloi('lr ilS 11 spill.inl Il1lll111l1ltiUll or lll('
plltt,l'm's ItWill Wil\'t'lll1l11l11'r, lI'il.l, tilt' pllLtl'l'lIl1111pli1.lItl,' n'lIHlillill,l; 1""lsl.;lll1.. As
1.11(' insl.alJilily d,'vd"ps, Mllplillld,~ 1';lr;;tliullS li\'tm1.lIally "Pl't';II", 111111, ilL lilt' poinl
ill sIJal"ll-l.il1ll' III whidl UI('I,aUnl1,l;i1itlsu" l"sl's;1 pattl'rn UII;t, thnlll11l'litllth'IlJIISL
A" 1.0 ~"'nl.
TIll' .Sitllill;Ull illllllr ,'xl,..rillll'1I1 i.s ralh"I' olilkl'l'llL [h'f1', 11'" ,10 ",,1. Ilr('pnn'tlll'
.sy,~1."!lI ill all.\' IHlr1.kullll· ;lIiti,d Stiltt'. It;~1.Ill'I', till' sysll'Ill.~I'1l'dS 11 spatially 110111111;-
runll sl,al.' "I' ;ts 1>1"11 Iwe'll'Il, and 1111' ,lyllllmirs of this .still,~ h'Il,llII till' ,Wl'lIlT,'ll1'l'
hnllli. Tld.s itlslallility rt'sul1.s ill llll' lJir1.h Ill' ,1"i111, or [ill~"I'S, so as 1u lIdll); llll'
\I'Il\,I,I""v,1.h I,ad. illsitll' lIll' st.ahl!' hl\1lll. This adjllsll1ll~lIl of lVill"~ 111111llwr hy tllP
,'n'ill.iu'l Of" alll1il,ililtiull uf IHlllt'l"1I mdls is dlilnll:lt'rislk uf tilt' l~l·kllill1s ills1ahil-
i1.y, W" lllll'l' ilssllllll'oI thill, lh,· wilnlh'll~lh al whit'll Ill'\\' lill/!,t'rs [irsl. all"lllpl tu
,It'l'clup "orr,'spun,[s l" tilt' IOIlA-\\'i~VI'lell1;I,h hUIIIIl!;II)' or 1.11<' I~,.kllilll,s-slilhl(~ waVI'-
1l'IIv,lh I,alld, alHl1.!",1. 1.11t' milli11111l1l Iw,\·,'I'~lIglh 1",low wh;(~h atlja"lilll fil1l;"rs 11l"r/!,,~
mrn-spUlI,ls l,u lht' Slllll'l'I\'aw],'ll/!,lh lH:lllllllill'y, 0111' 1l1l'ilSIll'"d Eckllill1s illsLnhilily
1"'"11<1111'.\· is rtJlIl;ld,\' l'anlh"li,:"Llow Pj, whidl is qllalilalivdy ill iI/!;r"t'Il11'1l1 wil.l! lilt,
tlll'tlrc1.i"ill I'XIll'l"1.i11iuli h;I,~{'(ll1l1 till' lll1l1lysis llsill,l!, 1.1w "1I11Ipll'X f:illzIJllr,l;-Lalidall
"lllIil1.iUll d"HI'l'il"'ll ill .~,',·l.iut1 :!.:I.l. 111II\',~\'t'r, 1I1l' llol1l1l1iru1"ll1ity of lilt' wavdt'l1g1.h
Iilung 0111' 11lltl"l'IIS SIIAAl'sls Lllal, UIl' plll.I,I'l'll is IIln'ild,\' slIlojl'rl, 10.1 Ilh;ISl' insl;lhilil)',
illdl'pl'lIOknL uf t.1w "ITlll.iuli til' I1l1uihilalioll "I' lill,C,I'I'S,
SIIl'I'\lufL!lI' lrlll'I'lillI!:Wav('is lilll'lIrilll.ln'ilS,I'II\lI\l"!,l'.\,.,ftlll'plll.1"l'll,whkh is 111l'
nnll'l' parilllld,,1' ur tIll' l1w plll'iL.I'-hrt'likillJ!, hirlll'filLioli. Tllis lilll"'I';I)' hilS IH~'U uh·
servl't!lloLh ill IIllifol'1Il ;IlIlIIlUlIll1lifol'lIl l,ra\'I'lin,C, \\',,\'\'S, 1\1 I'l'lal,i\'l'I,I'l"w I'", 1.11<'
IJHriLy.ll1'1'llkill~ ll'i\lIsiliuli iN S11pl'lTI'itil'aL lind huLh tllC' pll1lS" slll'I'd lIud l.1l1' dl',C,n~'
llf aSyl11111l'lry of till' Lr;lwlill,C, pill,kl'll ,C,ruw as t.11I' sqllill'\' rUlll. "I' Un' l'xjwl'il1ll'lIl,al
I'lmLroIIHll'i1llll'l.,'r. (Jill' n'SlilLs ,11'11 In,1., Illl\\"'\"'l', ill ",c,n~'lll1'l1l- \\,jt.11 llu' l,n',licLil,ns
s!Jl~'ilk lu il Il11Hld uf I.lw pill"ity-lm'llldll,C, transition involvill,C, Uw n'lIl'lill,C,I,,'I.\\""·ll
tilll lI1olll$ ill our pat.tI'm. At n'hlt.iwly hip,h II,,, 1,111' phl'll"llll'lIul<>.c.Y of 0111' s,\'s1.<'lIl is
qllitl~ nUl1pll·X. 'I'll!' p"I.1.('1"11 is IItlstahll' lit L11C' ollsd or parity Im·;,I,ill,c,. as pn,did.l·cI
thl'url'l.ically. AI'OI'I' UllSI'L, Llll' I'"UI'1"lI is IIOIIIITliful'1r1 iliid ~lIhj,·c1. 1.11 inl.l'I"llIil,1.(·1I1
hur,;ls tlfdisul'lh·r. TIll' jllll.l-l'l'lI is also slIl,jl'l'1. I,u 1,lw 1';I'klilllls ills1."I,iliLy, whi.-l,
limits llll' hillid of lVIIVI' 1I1llul'l'I'S wiL11ill wlricl, llw ilidivi']I1;ll 1.j";1\'('1i1l~ lill,c,l'l'.~ 111'1'
illl:l1l1liliR llH~ Halnn' uf till' lnmsil'lIL ,lisur,]pl'l'd 11IIrsls I1l1tl Llll'il' ,·ollnp,·t.iull wil,]1
LIII\ lViI\'\'I"I1/1,th.dl1lll,c,ill~ l,nlllsi1.iul1 ,lisnIS~(',1 ahovl', A n'ltlpld,' 11ll,],'!,,~I,'III,lill,c, III'
Llli.~ S.Y~tl·1I1 will idsu I"l'qllin' [1I1"l)n'l' "lwul'I'Lind stll.ly.
Chnptcr 6
Conclusions
WI' lIavp pH'SI'lIt"11 I~XI!l'ril1ll'IILHI n~~,dts Oil Llw dYllillllind IJl~h;;vilmr of a drivPII
IIl1ill'ilir illt,'rr"n~ ill tlll~ sysll~m r;1111~d till' pri1l11'r\ illst,d,ilily. Whill~ il vmidy
uf dYllllll1kal st/lks "lUI u' .... llr ill this syst,·tH, this 111(-,~is hilS [onls".l 011 11'0'0: till'
stlltiouary rill~,~rill~ sl'l,l,~ ulos,~rVl'tl wlt"1l (JIW eylillll"r l'lIl,ilLt~, alltl tlw tr'lv"linp;,wilw
IVlli,·11 lwellrs WIIl'II til(' <"ylillllc'rs nJ1J1I1.I·r·mLatl',
TIll' Iwlillvioill' II<'IU' OIlSC'l or til(' statiUlwry lill~{'r paHl'rll OhSI~I'\'l',1 \\'ln~1I Ulily
0111' "ylind,'r l'ot.I,LI'S dqwlI'ls Oil Li]{~ ,~i~l~ of LIII~ l'ylilld,'rs, 1>11.1 Ull whidl of c:ylill'
lil'I'S is rtJlaLill,f;, '1'111' birllrl'a1.ioll tu sl,alilllwry lillgl'l'S is illlJll'l'rl~d hill nllltillilOIiS
WI""1 lin' UIII.,·I' "ylill,It'I' "I' t.lll' sllwll,-r illl1<'1' l'ylilldor rolllt{'.~, illid disnJlltirJIlOliS
Wllf'll Llil' hiJ;.l!,t·r 11I11<'1" cyHn<lt'r rvlitll'S. fly nllllpllrillJl; uur fe'snlts willi tlwurl'Lir.lIl
I'Xp"I'Lati"lls, illill with Ilr('vi(Jll,~ "Xpt'l"il1lt'lllIl1 1"t'.~IIILs, WI' nud tlwL nllil{'·si~t~ 1'lrl~:Ls
<"1111 SIl[,S1.illIl.illlly tll,lay LIlt' OllSt'l. IIf t.lw liu,l!,l'rillp; ills1.lIhilily, IUlII short"11 til" till'
Sl·t Wll\'l'II'll,l!,lh, This n'sllll, h1l,s pokutial IlPllliral1ol1s ill 1.1](' l'tmUllg illtlllsLry. i\
1.nlv,·lillp;.WIIV<' ~tat,· WilS "lls,'n',·d witll th" hiAAf'1' inm'r ,~ylin,Jt,l' r,,1./ltill~, Ilt't"I', liS
sl.atiolllll)' lillF,l'rill~ paL1.l'rn, 1.111'11 1.\1 a ll'ilvdilll!; p<tl1.l'l"l1.
0111' sl,wlll'S uf thl' pilril..I'·llI"I'ilkinp; LraVl'linp;-wilVl'slaLt·. with Lh(·,~ylilllh·l"s t'tJlllltt'I"
r,,1.i\tin.~, ,sholl' thill, Hit' l,lwsl' ~IJl'I~1 or til,' ll"avdill,l!, \\'11\'1' is lilll'ar ill Lll,- tlt·.c.\'l~· ur
as,\'IlIIllt'lr,v of 1,1ll' 1'11ll.1'r1l, Tllis lil1l·<lri1.,V lI'ilS tlhsl~I"\'c'd hllth ill uniform ,llId IlUll11Ui-
11 sllpl'l"<'fi1.it-al ]lHl"ity.hrc·akiu}l, trallsitioll, anti hu1.h tltl' l,syllllJwtry Hild til<' phast·
J:n
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ll'Slllts an' ill p;ollol ;,p;n't'llll'lIl, wit.11 1'<""'111. (,Ill'lll'dind ,'xlu,,'tat.i,,".4 ''', 1.1", hasis lOr
fl,1'lwl'al S,l'I1111ldl',I';oI'~!lllll'll1.s [:!.'i-:!7], I\tllip;lwl' !'",1.III' 111"'IIIJIIII'IIl'!".1:.,1' "f"'ll'.,,\'s,
1.1'111 is 'Iuil,' l'Olllp!t':<. TIll' pill,l"1'1l is I1l1s1.a l,I,' at t.l1t' OIlSI'I, of I'Hl·il..I"-lol'""kill~,;oS
IH'l'lli,'l,:d lhl'ol'l'Lira!ly, Ahm'I' 1I11Sl'l, I,ll!' pilU,'I'1l is 1l01l1l1lif"l'lil alill illt,'nulLII'lIl
wilh 1)IIl's(,s or disurd<'I', 1\ \1'HI·,'It'up;(,ll·c1lilllp;inp; I,r;msil,iotl is Obl'I'I'I'd as I', is ill
l~rt';IS,~1 "ho\'1\ (J1lSl'l. TIi,' lm\'dillp; l,al.ll'l'l1 is ,llso sl1l>.iI~·1. t.o till' 1':ckllilllS illst.ill,ilit,l',
which lilllilsLlwloall,1 orWilI'I'11l11l11",l's withillll'liidl t.lll'ill,lil"i,III,d t.1'''1"l'lillp;till~''l's
art: sl.ahll',
iL sp"I:ilic nll"I"1 "r 1.11<' pHl'ily-llrt'i~killP; l,if'll'l';llil"I, illl'olvi"",- till' ""S'III01I11. "''''l,lill",-
Iwlw"Im spiltial mil,]"" with II';~V,' 111I1111,,'l's II illle! '2'1' 110\1"'\"'1',0\11' n',41l1ts Illl 11,,1
ap;ll'!' with till'S" pn't1idiolls, I",ssil,ly Il1'(";lllSI' of llll' illll'"rl.;lIll'" of Ilip;twr spalial
l1l<ull'S ill OUI' pal.ll'1'I1.
Ililtlln: uf llll' In,llsi''llt di"ol'l!l:n:,1 hlln;ts Uhs"I'II,',1 11'111'11 tIl" cylillll,'l's nU11I1."I'-nll.;tl,',
am!l!l"ir "Olllll'('Liull witll till' wHv"I"1Jp;1.11-dlilll,t!,illP; 1,1'HIlSilioll, " "lIlI1pl,'I.,' Ill"],'''·
stall,lill~ \If I.hi., sysl.l:m will "I!itl l"l"pdl'l' fll1"1.l1l'1" I.lll'ull'l,in,] sl.lIdy
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